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ABSTRACT

Author: Panchmatia, Parth. Ph.D.
Institution: Purdue University
Degree Received: December 2017
Title: The Effects of Air-Cooled Blast Furnace Slag (ACBFS) Aggregate on the
Chemistry of Pore Solution and the Interfacial Transition Zone
Major Professor: Jan Olek
Numerous laboratory and field studies have demonstrated that concrete incorporating air
cooled blast furnace slag (ACBFS) aggregate showed a higher degree of infilling of voids
with ettringite as opposed to concrete prepared using naturally mined carbonate
aggregates when exposed to similar environmental conditions. This observation prompted
some to link the deterioration observed in the ACBFS aggregate concrete structures to the
compromised freeze-thaw resistance due to infilling of air voids. Concerns about the
release of sulfur from ACBFS aggregate into the pore solution of concrete had been
presented as the reason for the observed ettringite deposits in the air voids. However,
literature quantifying the influence of ACBFS aggregate on the chemistry of the pore
solution of concrete is absent. Therefore, the main purpose of this research was to
quantify the effects of ACBFS aggregate on the chemistry of the pore solution of mortars
incorporating them.

Coarse and crushed ACBFS aggregates were submerged in artificial pore solutions
(APSs) representing pore solutions of 3-day, 7-day, and 28-day hydrated plain, binary,
and ternary paste systems. The change in the chemistry of these artificial pore solutions
was recorded to quantify the chemical contribution of ACBFS aggregate to the pore
solution of concrete. It was observed that the sulfate concentration of all APSs increased
once they were in contact with either coarse or crushed ACBFS aggregate. After 28 days
of contact, the increase in sulfate concentration of the APSs ranged from 4.85 – 12.23
mmol/L and 14.21 – 16.87 mmol/L for contact with coarse and crushed ACBFS
aggregate, respectively. More than 40% of the total sulfate that was released by the
ACBFS aggregate occurred during the first 72 hours (3 days) of its contact with the

xvi
APSs. There was little or no difference in the amount of sulfate released from ACBFS
aggregate in the different types of APSs. In other words, the type of binder solution from
which pore solution was extracted had no effect on the amount of sulfate that was
released when it was in contact with ACBFS aggregate.

The relatively quick release of sulfur from ACBFS aggregate into the APSs prompted
investigation of the chemical composition of the pore solution of mortar (at early stages
of hydration) incorporating ACBFS aggregate. The chemical composition of the pore
solutions obtained from mortars prepared using ACBFS aggregate and plain and binary
paste matrices was compared those of mortars prepared using Ottawa sand and plain and
binary paste matrices. After 7 days of hydration, the sulfur (S) concentration of the pore
solution extracted from mortars prepared using ACBFS aggregate was 3.4 – 5.6 times
greater than that obtained from corresponding mortars (i.e. mortars with the same paste
matrix) prepared using Ottawa sand. Binary mortars containing fly ash (FA) showed the
lowest S content after 7 days of hydration amongst all mortars prepared using ACBFS
aggregate. On the other hand, binary mortars prepared using slag cement (SC) and
ACBFS aggregate had the highest S concentration after 7 days of hydration. These effects
on the S concentration in the pore solutions can be explained by the difference in the
chemical makeup of the binders, and not because of different rate of release of S from
ACBFS into the pore solution. In addition, TGA analysis of 7-day hydrated mortars
revealed that the ettringite, monosulfate, and calcium hydroxide content was lower in
mortars prepared using ACBFS aggregate as opposed to those prepared using Ottawa
sand. This could be because of the low degree of hydration in mortars with ACBFS
aggregate because of the high sulfate concentration in its pore solution.

The properties of the interfacial transition zone (ITZ), i.e. the zone in the vicinity of the
aggregate surface, depends on the property of the aggregate such as its porosity and
texture. Therefore, it is expected that the properties of ITZ around the ACBFS particle,
which is porous and proven to contribute sulfate, be different from the ITZ around the
naturally mined siliceous aggregate. Image analysis conducted on backscattered images
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obtained using scanning electron microscope revealed that the ITZ of naturally mined
siliceous aggregate was more porous compared to the ITZ of ACBFS aggregate. In
addition, calcium hydroxide deposits were more frequent and larger in size in the ITZ
around siliceous sand than in the case of the ITZ around the ACBFS aggregate.

1

1. INTRODUCTION

Background
Concrete structures deteriorate when exposed to weather, water, and/or chemicals over
long periods of time. The rate of deterioration depends on the physical attributes of
concrete (like strength, elastic properties, microstructure), chemical composition of the
ingredients used to produce the concrete, and the severity of exposure conditions.
Corrosion, freeze-thaw damage, sulfate attack, and fatigue cracking are examples of
deterioration mechanisms caused by external stimuli. On the other hand, deterioration
mechanisms such as delayed ettringite formation (DEF) and alkali aggregate reaction
(AAR) damage concrete due to interactions occurring between its ingredients. Increasing
use of recycled materials, such as recycled concrete and air cooled blast furnace slag, as
aggregate in concrete raises questions about the potential for damage due to interactions
between these recycled aggregates and other concrete ingredients. The combination of
external and internal stimuli often result in deterioration that requires either expensive
repair or complete replacement of concrete structures.

In general, the service life of concrete structures exposed to freezing-thawing cycles can
be extended by providing a well-distributed air-void system which will increase the time
needed for the microstructure of concrete to reach a critical level of saturation. However,
various deterioration mechanisms, such as sulfate attack, delayed ettringite formation
(DEF) and chloride attack, can compromise the quality of the existing air void system by
infilling the air voids with secondary deposits such as ettringite or Friedel’s salt (Piasta et
al., 2015; Verian et al., 2015). The infilling process reduces the space available for water
to expand on freezing, and therefore renders the microstructure of concrete more
susceptible to freeze-thaw damage.Recycled materials are being increasingly used in
concrete to reduce the cost and the environmental impact associated with construction
activities and solid waste disposal. The U.S. geological survey reported that
approximately 1.5 million metric tons of air cooled blast furnace slag (ACBFS) aggregate
was used in manufacturing of concrete in the United States in 2006 (Van Oss, 2007).
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Although, when compared to the total amount of aggregates consumed in production of
concrete, the percentage of ACBFS used as aggregate is low, this product is still
commonly recycled in concrete in regions close to iron/steel production plants.

Concerns about the release of sulfur from ACBFS aggregates into the pore solution of
concrete has been raised in some of the previous studies (Morian et al., 2012). Some
researchers (Grove et al., 2006; Lankard, 2010) have found that concrete containing
ACBFS aggregates showed more frequent instances of infilling of air voids by ettringite
compared to concretes with naturally mined aggregates. This increased levels of infilling
have been attributed to the release of sulfur/sulfate by ACBFS aggregate into the pore
solution. As such, it can be argued that the ettringite formation is more likely to occur in
the vicinity of the aggregates.

Literature quantifying the influence of ACBFS aggregate on the chemical composition of
the pore solution and the contact zone between the paste matrix and aggregate [referred to
as the interfacial transition zone (ITZ)] is essentially absent. Therefore this research
focuses on characterizing the effects of ACBFS aggregate on the chemical composition
of the pore solution of mortars and the ITZ.

Research Motivation and Scope
The main motivation for this study is to ascertain that use of ACBFS aggregate in
concrete structures, particularly those exposed to severe environmental conditions (like
freezing-thawing, sulfate rich soils, marine environments), does not lead to deterioration
mechanisms which begin internally and are accelerated due to external stimuli.

Previous researchers have indicated that fresh and hardened properties of concrete
incorporating ACBFS aggregates are comparable to properties of concrete manufactured
using naturally mined aggregates (Buch & Jahangirnejad, 2008; Verian et al., 2015). The
mechanical properties of concrete with ACBFS aggregate have been studied in detail by
(Buch & Jahangirnejad, 2008; Verian et al., 2015). Other studies by (Morian et al., 2012;
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Verian et al., 2015) have reported lower flexural strengths for concrete incorporating
ACBFS aggregate than those observed in concretes made using naturally mined
carbonate aggregates. With respect to compressive strength, Verian and coworkers(Verian et al., 2015) reported marginally higher (but statistically insignificant)
compressive strengths for concrete with ACBFS aggregates compared to concrete made
with naturally mined dolomite aggregate. On the other hand, different study
(Construction Technology Laboratories, 1991) reported a lower compressive strength
value for concrete incorporating ACBFS aggregates compared to concrete with naturally
mined limestone aggregate. However, for all practical purposes, it is safe to conclude that
the compressive strength is predominantly affected by w/c ratio and the type of aggregate
can be considered to play a secondary role (Morian et al., 2012).

The same research team (Morian et al., 2012), pointed out the potential risk to the long
term durability of concrete structures incorporating ACBFS aggregate because of the
ability of ACBFS aggregates to contribute sulfate to concrete’s pore solution. Therefore,
one of the objectives of this research proposal was to quantify the contribution of
different chemical species (most notably sulfates) released from ACBFS aggregates on
the chemistry of the pore solution of plain ordinary portland cement (OPC), binary [OPC
+ fly ash (FA) and OPC + slag cement], and ternary (OPC + FA + slag cement) mortars.

Since ACBFS aggregate has a more porous and angular surface compared to naturally
mined aggregates and it is a potential source of sulfur/sulfates, it is reasonable to assume
that the properties of the ITZ, such as its porosity and chemical composition, of ACBFS
aggregate will be different from the properties of ITZ of naturally mined aggregates.
Some researchers (Ke et al., 2010) observed lightweight aggregate concrete under
scanning electron microscope (SEM) and concluded that ITZ for porous aggregate was
denser and thinner compared to the ITZ for normal weight aggregate concrete. Since
ACBFS aggregate are porous and potentially contribute sulfates to the pore solution,
characterizing the ITZ of different cement pastes with ACBFS aggregate would
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contribute to the understanding of the durability properties of concrete incorporating
ACBFS aggregates.

This research sutdy can be broadly divided into three phases: a) quantification of the
amount of sulfur/sulfate released from ACBFS aggregate into pore solution, b)
monitoring of pore solution chemistry of mortar samples incorporating ACBFS
aggregates, and c) chemical characterization of the ITZ between paste and ACBFS
aggregate.

A broad set of objectives for each phase can be described as follows:
a) Phase I: Quantification of the amount of sulfur/sulfate released from ACBFS
aggregate into pore solution


Preparation of artificial pore solutions (APSs) representative of pore
solution of plain cement pastes and binder systems in which OPC is
partially replaced with FA and/or slag cement (SC).



Measurement of changes in the chemistry of artificial pore solution when
it comes in contact with coarse and crushed ACBFS aggregates.

b) Phase II: Monitoring of the chemistry of pore solutions in mortar samples
incorporating ACBFS aggregates


Measurement and analysis of the chemical composition of pore solutions
extracted from mortar samples prepared using plain, binary, and ternary
paste systems and nearly pure quartz (mined from Ottawa, IL area) sand
and crushed (to sand size) ACBFS aggregates.



Identification of paste matrix which, when used to prepare mortars with
ACBFS aggregate will be least susceptible to deterioration due to DEF or
other external stimuli.

c) Phase III: Chemical and micromechanical characterization of the ITZ between
paste and ACBFS aggregate
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Determination and comparison of the porosity and calcium hydroxide
content of ITZ for mortars with and without ACBFS aggregates using
SEM and image analysis.

The detailed hypotheses and problem solving methodologies for each phase are presented
in subsequent chapters.

Structure of the Thesis
This thesis is composed of six chapters. Chapter 1 briefly summarizes the background,
research motivation, and research scope. Chapter 2 presents a detailed review of literature
on the drawbacks of having excess sulfates in cementitious systems. The hypotheses,
proposed research methodology, and results are presented in Chapters 3 – 5. The main
findings of this study, the recommendations for implementation, and suggested future
study areas are presented in Chapter 6.
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2. LITERATURE REVIEW

Background
The ACBFS, a by-product of iron and steel industry, is generated during smelting of iron
ore, the process which utilizes limestone (or dolomite) as fluxing agents. Though the
composition of ACBFS varies significantly (depending on the chemistry of the raw
materials used in the iron production process), it is mainly composed of four major
oxides: CaO, SiO2, Al2O3, and MgO (Morian et al., 2012). Generally, the sulfur content
of ACBFS varies between 1% to 2% (by mass). Amongst several forms of sulfur that can
be found in the ACBFS, the crystalline calcium sulfide (CaS – also known as oldhamite)
plays potentially important role with regard to the performance of ACBFS as aggregate in
cementitious systems (Morian et al., 2012). Specifically, (Hammerling, 1999) showed
that oldhamite is highly soluble in a high pH environment. Therefore, when used in
concrete, ACBFS aggregates can potentially contribute sulfates to the pore solution. The
presence of excessive amount of sulfates in the pore solution can result in the infilling of
air voids due to the precipitation of ettringite. However, clear evidence of the extent of
release of sulfur from ACBFS aggregates into the pore solution of concrete is still
lacking.

Historically, the cause of disruption and expansion experienced by concrete structures
involved in sulfate attack is attributed to ettringite formation (Collepardi, 2003).
However, not all ettringite formation produces damage. For example, when ettringite is
formed homogenously and at early ages (i.e. when concrete is plastic) it does not cause
damage. However, excess ettringite formed at this stage could comprise the air void
system and therefore reduce the freeze-thaw durability of the concrete structure. Equation
2.1 shows the formation of ettringite, when gypsm reacts with calcium aluminates,
duringthe hydration of ordinary Portland cement (OPC). When ettringite forms at a later
age, concrete experiences internal stresses due to heterogeneous expansion of ettringite in
localized regions. This deterioration mechanism is referred to as delayed ettringite
formation (DEF) in the literature.
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Equation 2.1:
𝑦𝑖𝑒𝑙𝑑𝑠

𝐶3 𝐴 + 3𝐶𝑆 · 2𝐻 + 26𝐻 →

𝐶6 𝐴𝑆̅3 𝐻32

Depending on the sulfate source, two different types of DEF related damages are
identified, namely external sulfate attack (ESA) and internal sulfate attack (ISA). ESA
occurs when environmental sulfate (from ground water or soil) infiltrates concrete. On
the other hand, ISA occurs in a sulfate free environment with the sulfate sources located
within concrete. In this proposal the discussion will focus on ISA with ACBFS
aggregates as the source of sulfates.

In addition to DEF, the presence of excess sulfates in the pore solution could convert
CSH into thaumasite in the presence of carbonate ions, which is accompanied by severe
loss in strength and adhesion.

Delayed Ettringite Formation (DEF)
Excess sulfate reacts with existing calcium sulfoaluminates to form ettringite in the
presence of moisture and calcium oxide (refer to Equation 2.2). When this process occurs
in cementitious matrix after it has aged, it is referred to as delayed ettringite formation
(DEF). According to the present nomenclature used in the literature, DEF occurs if
excess sulfate is not from the outside environment, i.e. internal sulfate attack (Collepardi,
2003; H. F. W. Taylor, Famy, & Scrivener, 2001). However, correctly speaking, the term
delayed ettringite formation (DEF) should include both ESA and ISA mechanisms
(Collepardi, 2003).
Equation 2.2:
𝑦𝑖𝑒𝑙𝑑𝑠

𝐶4 𝐴𝑆̅𝐻18 + 2𝐶 + 2𝑆 + 14𝐻 →

𝐶6 𝐴𝑆3 𝐻32

ISA is a relatively new field of study since it was first observed in concrete railway ties in
the middle of 1980’s. A school of thought hypothesized that DEF occurs in concrete
cured at high temperature (>70 °C) because at these temperatures primary ettringite
(which is formed during early stages of hydration) dissociates into monosulfate and
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sulfate ions which later recombine in the presence of moisture to produce ettringite (Lea,
1998; H. Taylor, 1997). Work done by (H. F. W. Taylor, 1999) and (Miller & Tang,
1996) concluded that under ambient curing conditions, the sulfur containing phases
present in the OPC clinker are unlikely to cause deterioration due to ISA. In other words,
in the absence of high temperature curing, the concrete was not susceptible to
deterioration due to DEF which was caused by ISA even for clinkers with high sulfate
contents.

Contrary to these views, (Diamond, 1996) claims that the potential for DEF is much
greater when OPC clincker with higher sulfate content is used. (Collepardi, 2003) also
argued that ISA cannot be restricted to only high temperature curing because that would
fail to account for the occurrence of ISA-related deterioration observed in concrete
structures cured at ordinary temperatures. The presence of micro-cracks, late sulfate
release, and availability of moisture are considered essential for concrete to experience
damage due to DEF caused by ISA (Collepardi, 1999).

Figure 2.1 depicts the holistic approach [as developed by (Collepardi, 2003)] to explain
DEF caused due to ISA. DEF related damage due to ISA can occur only in the region
common to all three circles (see Figure 2.1). Micro-cracking generated due to a multitude
of reasons, including ASR reaction, service loads, freeze-thaw and wet-dry cycling,
steam curing, and/or thermal and drying shrinkage, could assist in DEF provided there is
an adequate supply of sulfates and moisture. Concrete exposed to high temperature
curing have access to sulfates which are released due to decomposition of ettringite to
monosulfates during early hydration. For ordinarily cured concretes, sulfates from
ingredients of the concrete, such as aggregates, binders or mix water, can result in
damage due to DEF if they are available in the pore solution after concrete is stiff.
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Figure 2.1 Schematic of the holistic approach to explain DEF caused due to ISA [copied
from (Collepardi, 2003)]
Typically, ACBFS aggregate contains 1 – 2 percent by mass of sulfides and sulfates
(Morian et al., 2012). Calcium sulfide (also known as oldhamite) is the most
predominantly encountered form of sulfide in ACBFS. Using thermodynamic
calculations, Hammerling (Hammerling, 1999) demonstrated that the solubility of
calcium sulfide increases with pH and therefore this materials is readily soluble in
concrete pore solution (pH > 13). Using reflective light images, the same author
(Hammerling, 1999) was successful in demonstrating that calcium sulfide migrated from
slag aggregate to the adjacent paste matrix. Other researchers (Grove et al., 2006) and
(Lankard, 2010) independently but congruently concluded that concrete incorporating
ACBFS aggregates demonstrated extensive infilling of air voids (compared to concrete
made with naturally mined carbonate aggregates) with ettringite based on observations
made by investigating field samples obtained from pavement sections in Michigan and
Ohio, respectively. Distressed concrete pavements exposed to cold weather usually have
air voids filled with ettringite. However for concrete incorporating ACBFS aggregates the
degree of observed infilling was reported to be greater (Morian et al., 2012).
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The dissolution (and subsequent leaching) of calcium sulfide or sulfate from ACBFS
aggregates in the pore solution produces calcium and sulfate ions. In the presence of
these ions, monosulfate is converted into ettringite as described in Equation 2.2. One
major difference between this type of sulfate attack and external sulfate attack is that the
decalcification of CSH is avoided since calcium ions are also provided from the sulfate
source and therefore the integrity of the cement paste matrix is maintained (Morian et al.,
2012).

Ettringite formation is accompanied by volume expansion which could generate stresses
in the paste matrix. If this process occurs in small disconnected voids, the stresses
generated can exceed the tensile strength of the matrix. However, for paste matrices with
w/c ratio greater than 0.4 and air entrainment, ettringite has sufficient space to grow
without initiating fracture. However, excessive infilling of air voids increases concrete’s
susceptibility to freeze-thaw damage.

In addition to formation of ettringite, the presence of excess sulfate in pore solution might
result in localized damage synonymous to the one observed during external sulfate attack.
Since the dissolution of calcium sulfide from ACBFS aggregate provide sulfate as well as
calcium ions, the possibility of thaumasite formation (which requires decalcification of
CSH) is non-existent. However, exposure to sodium or magnesium chloride salts could
result in lack of availability of free calcium ions which would render the concrete
susceptible to decalcification due to presence of excess sulfates. The resulting reaction
leads to thaumasite formation which is discussed in detail in the next section.

Thaumasite Formation
Sulfate ions interact with CSH or calcium hydroxide in the presence of carbonate ions to
form thaumasite. Carbonate ions can be supplied by carbonation occurring on the surface
of the structure exposed to moist air. Another source of carbonates could be modern day
cement clinkers with 2-5% limestone.
Equation 2.3
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Equation 2.3 describes the decalcification reaction to convert CSH or CH into thaumasite
in the presence of sulfate and carbonate ions.

Equation 2.3:
𝑦𝑖𝑒𝑙𝑑𝑠

𝐶𝑆𝐻 + 𝐶𝑂32− + 𝑆𝑂42− + 𝐻 →

𝑦𝑖𝑒𝑙𝑑𝑠

𝐶𝐻 + 𝐶𝑂32− + 𝑆𝑂42− + 𝐻 →

𝐶𝑆 · 𝐶𝑆 · 𝐶𝐶 · 𝐻15

𝐶𝑆 · 𝐶𝑆 · 𝐶𝐶 · 𝐻15

(Zhou et al., 2006) and (Gaze & Crammond, 2000) observed that relatively high levels of
sulfate ion and alkaline conditions resulted in thaumasite formation.

ITZ
Since ACBFS aggregate is considered to be the source of sulfate ions, it is likely that
such properties as the chemical composition and density of the paste surrounding the
aggregate are different from those observed in bulk paste matrix. Therefore, developing
an understanding of the chemical makeup of the ITZ of mortars incorporating ACBFS
will reveal information which might help to understand the long term durability of
mortars and concretes incorporating ACBFS aggregate.
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3. PHASE I: QUANTIFICATION OF THE AMOUNT OF
SULFUR/SULFATE RELEASED FROM ACBFS AGGREGATE
INTO PORE SOLUTION

Introduction
Several researchers (Buch & Jahangirnejad, 2008; Verian et al., 2015) showed that fresh
and hardened properties of concrete incorporating ACBFS aggregates are comparable to
properties of concrete manufactured using naturally mined aggregates. However, it has
been reported that concrete containing ACBFS aggregates showed more frequent
instances of infilling of air voids by ettringite compared to concretes with naturally mined
aggregates (Grove et al., 2006; Lankard, 2010). Previous studies have suggested that
ACBFS aggregate can be the potential source of internal sulfates being released into the
pore solution and that these sulfates contribute to the observed infilling of the air void
system in concrete (Hammerling, 1999; Morian et al., 2012).

As previously mentioned, ACBFS aggregates can potentially contribute sulfates to the
pore solution. However, clear evidence of the extent of release of sulfates from ACBFS
aggregates into the pore solution of concrete is still lacking. Therefore, to ascertain the
durability of concrete structure incorporating ACBFS aggregate, it is essential to
determine the amount and the rate of release of sulfates from ACBFS aggregate into the
pore solution of commonly used cement paste matrices.

Modern day concretes often utilize fly ash (FA) and/or slag cement (SC) as a partial
replacement for the ordinary portland cement (OPC). The chemistry of the pore solution
of the resulting cement paste matrix is therefore a function of the chemistry, mineralogy,
and dosage of the supplementary cementitious material used (Coleman & Page, 1997;
Tishmack et al., 2001). Partial replacement of OPC with SC has been reported to reduce
the alkali concentration of the pore solution because of the dilution effect
(Rasheeduzzafar & Hussain, 1991). Similarly, (Wang, 2015) showed that the chemistry
of the pore solution is dependent on the type and dosage of FA used. Considering these
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facts, the question arises as to whether the extent leaching (dissolution) of sulfate phases
from ACBFS in any given cementitious system will also be influenced by the
composition of the pore solution present in this system.

This chapter aims to explore the role of ACBFS aggregate in contributing sulfates to
different types of pore solutions. The contribution of sulfates from ACBFS aggregates
was quantified by measuring changes in the chemistry of artificial pore solutions (APSs)
representative of plain [100% of Type I OPC], two types of binary [80% OPC + 20%
Class C FA and 75% OPC + 25% of SC], and one type of ternary (60% OPC + 23% SC +
17% FA) paste matrices in contact with ACBFS aggregate. Comparing and contrasting
changes in the sulfate concentration of APSs (representing different cement paste
compositions) in contact with ACBFS aggregates helped to identify the susceptibility of a
given cement paste systems to internal sulfate attack.

Hypothesis
The following hypotheses are proposed in connection with investigation of the chemistry
of APSs which are in contact with course and crushed ACBFS aggregates


The sulfate concentration of APSs increases as the time of contact with
ABCFS aggregate increases.



The rate of increase in sulfate concentration in APSs which is in contact with
crushed ACBFS aggregate (Dmax = 3/8 in.) is greater than that in the APSs in
contact with coarse ACBFS aggregate (Dmax = 1 in.)



The rate of increase in sulfate concentration in APSs in contact with coarse
ACBFS aggregate will be higher for APSs with higher pH.

Materials Used
Table 3.1 summarizes the chemical composition of all materials used in this study. The
cement used had a chemical composition representative of a Type 1 OPC. Chemical
compositions of FA and SC used in this study are representative, respectively, of a typical
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Class C fly ash and ground granulated blast furnace slag (i.e. slag cement). The coarse
ACBFS aggregate used in this study was in compliance with the Indiana Department of
Transportation (INDOT) specification for No. 8 coarse aggregate [maximum diameter
(Dmax) = 1 in.] (INDOT Standard Specifications, 2010). Although, in general, the ACBFS
is typically used to replace the coarse aggregate, it is also reasonable to assume that some
of the coarse ACBFS particles will abrade during mixing and produce smaller sized
aggregates. The higher surface area of such smaller particles might accelerate the rate of
sulfates leaching from ACBFS aggregates into the pore solution. In order to determine
the effects of the size of the aggregate on the change in chemical composition of the pore
solution, this study utilized both, the coarse ACBFS particles and the crushed ACBFS
particles (which were obtained by crushing the coarse ACBFS aggregate). The coarse
ACBFS was crushed in such a way that the maximum diameter (Dmax) of the crushed
samples was 3/8 inch. In general, ACBFS contains four major chemical components,
namely, lime, silica, alumina and magnesia.
Table 3.1 Chemical composition of cementitious materials used in this study
Chemical Composition
Type 1 OPC

Content (%)
FA – Class C
Slag
Cement
36.90
35.40
20.14
10.25
7.01
0.61*
24.60
39.76
5.47
10.46
1.58
2.45
N.A.
0.15
1.21
0.29

ACBFS
aggregate
37.83
10.55
0.39*
36.92
11.54
1.66
0
0.32

Silicon dioxide, Si2O
18.94
Aluminum oxide, Al2O3
5.65
Ferric oxide, Fe2O3
3.29
Calcium oxide, CaO
63.2
Magnesium oxide, MgO
3.13
Sulfur trioxide, SO3
3.43
Loss on ignition
1.13
Total alkali as sodium oxide, Na2Oeq
0.86
All quantities are % by mass
* For slag cement and ACBFS aggregates, the iron oxide content is presented in terms of FeO

Research Approach
The changes in the chemistry of pore solution due to the presence of ACBFS aggregates
were quantified by exposing ACBFS aggregates to artificially created pore solutions,
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which represented pore solutions of a plain (OPC), two type of binary (OPC + FA and
OPC +SC), and a ternary (OPC + FA + SC) matrix. Figure 3.1 summarizes the
methodology used to quantify changes in pore solution chemistry due to presence of
ACBFS aggregates. The first step involved extraction of pore solution from plain, binary,
and ternary binder system paste samples. The chemical composition of pore solutions
extracted from the paste samples was determined by both, the ion chromatography (IC)
and inductively coupled plasma optical emission spectroscopy (ICP-OES) techniques.
The resulting composition information was used to prepare the APSs. Finally, the APS
was used as a soak solution for the ACBFS aggregate and the changes in its chemistry
were monitored over time.
3.4.1

Analysis of paste pore solution

Table 3.2 shows the volumetric designs of four different cement paste mixtures which
were used in the course of this study. Pore solutions were extracted from each of these
paste samples after specified ages to determine their chemistry.
3.4.1.1 Paste composition and curing conditions
All pastes shown in Table 3.2 were prepared using a Hobart mixer following the
procedure described in (ASTM C305-14). The size of each of the individual batches was
1.0 L. Cylindrical specimens (2 in. diameter and 4 in. tall) were cast using the prepared
paste and sealed in a plastic container. These paste samples were then cured in an
environmental chamber maintained at 23°C and 100% relative humidity (RH). Pore
solution was extracted from these paste samples (using the procedure discussed in section
3.4.1.2) after curing them for 3, 7 and 28 days.
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Figure 3.1 Schematic of research methodology
Table 3.2 Mixture designs for paste samples
Constituents

Type 1 ordinary portland cement
Class C – fly ash
Slag cement
Water
Water – cementitious ratio

M1
(OPC)
1.356
0.000
0.000
0.570

Paste Composition (kg/L)
M2 (OPC M3 (OPC + M4 (OPC +
+FA)
SC)
FA + SC)
1.117
1.077
0.954
0.223
0.000
0.162
0.000
0.269
0.220
0.563
0.565
0.561
0.42
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3.4.1.2 Pore solution expression and analysis
Once the paste specimens reached the prescribed curing age of 3, 7, and 28 days, two test
cylinders from each paste mix were demolded and immediately placed in a pore solution
extraction dye [previously described by (Barneyback & Diamond, 1981)]. The pressure
on each paste sample was increased from 0 to 63,000 psi in cyclic steps (to allow for
movement of fluid within the sample) until 5 – 10 ml of pore fluid was recovered through
the fluid drain. The pore solution was then filtered and transferred into a sealed vial for
analysis.

Pore solutions obtained from paste samples were diluted 50 times using deionized water.
The diluted solution was analyzed using Dionex ICS 900 ion chromatograph (IC) and
Perkin Elmer OPTIMA 8300 inductively coupled plasma optical emission spectrometer
(ICP-OES) to determine the anions, namely, chlorides and sulfates (Cl- and SO42-), and
elements of sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), aluminum (Al),
iron (Fe), and sulfur (S) respectively. The following wavelengths were used to determine
the concentration of different elements using ICP-OES: 589.592 nm for Na, 766.490 nm
for K, 317.933 nm for Ca, 285.213 nm for Mg, 396.153 nm for Al, 238.204 nm for Fe,
and 181.975 nm for S. Prior to analysis in the ICP-OES, the solutions were acidified by
adding the HNO3 (5% by volume of the solution). In this chapter, the reference to
“sulfate concentration” implies that the measurement made using IC whereas the
expression “sulfur concentration” refers to the measurement made using ICP-OES.
3.4.2

Preparation of artificial pore solutions (APSs)

The results obtained from the IC and ICP-OES analysis of pore solutions extracted from
plain, binary and ternary paste matrices were used to create APSs in the laboratory.
Oxides, hydroxides, chlorides and sulfate salts of the sodium, potassium, magnesium, and
aluminum were used to make APS. The detailed amounts of each type of salt used to
prepare APSs are shown in the results section (specifically section 3.5.2) of this chapter
because that design is based on the chemical composition of the pore solution extracted
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from paste samples with compositions shown in Table 3.2.These solutions were then used
to soak the ACBFS aggregates as described in the next section.
3.4.3

Monitoring the changes in the chemistry of APSs due to contact with ACBFS
aggregate

Both, the coarse and crushed ACBFS aggregates, were placed in plastic containers and
flooded with APSs (with aggregate:APS ratio of 1:4 by volume). The containers were
then sealed and placed in a room maintained at 23°C. In addition, another container
(similar to the ones used to store APS with submerged aggregates) was filled with only
APS (without aggregates) and also stored at 23°C. This APS without aggregate was used
to monitor changes in the chemistry of the APS due to exposure to the surrounding
environment and will be referred to as control solution henceforth. Small (10 ml) samples
of APS were removed from both sets (with and without aggregates) of APSs after 1, 5,
and 24 hours and 3, 7, 14, and 28 days of storage. The removed samples were then
diluted 50 times (using deionized water) and analyzed using IC and ICP-OES to
determine and quantify any potential changes in their chemical composition.
3.4.4

X-ray fluorescence (XRF) of ACBFS aggregates

As already mentioned, sulfur present in ACBFS aggregates can potentially dissolve in
pore solution (Hammerling, 1999). Should that be the case, the ACBFS aggregates
exposed to the APS should contain lower amounts of sulfur compared to virgin ACBFS
aggregates. X-ray fluorescence (XRF) technique (as described in ASTM E 1031-96) was
used to quantify the oxide composition of ACBFS aggregates after exposure to pore
solution. For comparison purposes, the XRF was also performed on the virgin (i.e. before
the exposure) ACBFS aggregates.

Results and Discussions
3.5.1

Chemistry of pore solution from plain, binary, and ternary paste matrices

The results of the chemical analysis of pore solutions extracted from samples of four
different paste matrices used in this study are given in Table 3.3. Based on these results,
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we can conclude that iron (Fe) and magnesium (Mg) were practically absent from the
pore solution of all paste samples. Aluminum (Al) concentration varied from 3.1 to 3.5
mmol/L and 1.5 to 2.1 mmol/L for pore solutions extracted from paste samples with (M3
and M4) and without (M1 and M2) slag cement respectively. The chloride ion (Cl-1)
concentration varied from 0.5 to 13.0 mmol/L for pore solutions obtained from the four
different paste matrices after 3, 7, and 28 days of hydration. Since the concentration of
chloride ions and aluminum in pore solution was low, the observed variation can be
attributed to handling and measurement errors.

As already mentioned in Section 3.4.1.2, the concentrations of elemental sulfur (S) and
sulfates (SO42-) were determined using ICP-OES and IC, respectively. One mole of
sulfate ion contains one mole of sulfur atoms and four moles of oxygen atoms. Therefore,
the sulfate concentration determined using the IC method should match the total sulfur
concentration obtained using ICP-OES. However, it has been previously reported
(Vollpracht et al., 2016) that small differences existed in the amount of sulfur
(determined using ICP-OES) and the amount of sulfate (determined using IC) in the
extracted solution. These differences were attributed to the presence of reduced sulfur
species (S2-) in paste matrices containing slag. The percentage differences between sulfur
and sulfate content (calculated by normalizing with respect to the sulfate content of that
particular pore solution since the presence of sulfates can increase the potential for
ettringite formation) for each pore solution is shown in Table 3.3. Since slag cement
contains 1-2% CaS (Hammerling, 1999), the sulfur concentration is higher than sulfate
concentration (which is demonstrated by positive values for ‘% difference in sulfur and
sulfate concentration’ shown in Table 3.3) for paste matrices with slag cement (i.e. M3
and M4). On the other hand, values for ‘% difference in sulfur and sulfate concentration’
are negative for pore solutions of M1 and M2 paste matrices. However, the absolute
values of the percentage differences between sulfur and sulfate content for pore solutions
were rather small (i.e. in the range of 2.2 to 26 %) for paste samples without slag cement
(i.e. M1 and M2). On the other hand, the differences in the sulfur and sulfate content is
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Table 3.3 Chemical composition of pore solutions (concentrations are in millimol/L)

Test Method Paste Type

Chemical
Species
M1
ClIC analysis
(100% OPC)
SO42ICP-OES
S
analysis
Total Alkalis
Ca
Al
Fe
Mg
% difference in sulfur and sulfate concentration
M2
ClIC analysis
(OPC + F.A.)
SO42ICP-OES
S
analysis
Total Alkalis
Ca
Al
Fe
Mg
% difference in sulfur and sulfate concentration
M3
ClIC analysis
(OPC + slag
SO42cement)
ICP-OES
S
analysis
Total Alkalis
Ca
Al
Fe
Mg
% difference in sulfur and sulfate concentration
M4
Cl-1
IC analysis
(OPC + FA +
SO42slag cement)
ICP-OES
S
analysis
Total Alkalis
Ca
Al
Fe
Mg
% difference in sulfur and sulfate concentration

After 3 days
of hydration
0.9
21.7
21.2
666.6
0.4
2.1
0.0
0.0
-2.2%
4.1
14.6
12.0
662.0
0.2
1.5
0.0
0.0
-18.1%
3.2
6.7
8.3
484.7
0.0
3.1
0.0
0.0
24.1%
2.9
5.9
6.6
414.7
0.0
3.1
0.0
0.0
12.8%

After 7 days
of hydration
0.5
26.1
23.3
734.6
0.5
1.6
0.0
0.0
-11.0%
0.6
20.4
15.1
725.3
0.1
1.6
0.0
0.0
-26.0%
3.1
5.5
8.1
461.2
2.2
3.5
0.0
0.0
48.4%
2.9
3.0
4.9
384.3
0.1
3.3
0.0
0.0
63.8%

After 28 days
of hydration
0.9
30.8
26.9
776.8
0.2
1.7
0.0
0.0
-12.8%
0.6
14.3
12.5
783.9
0.4
1.7
0.0
0.0
-12.3%
13.0
4.0
12.0
422.5
0.0
3.2
0.0
0.0
199.7%
1.4
1.6
2.3
164.7
0.0
3.0
0.0
0.0
39.8%
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consistently higher (i.e. in the range of 12.8 to 200%) for pastes with slag cement (i.e. M3
and M4). This indicates that a portion of these differences can be attributed to handling
and testing errors and the remainder is due to the presence of S2- species in systems
containing slag cement. Since the concentration of elemental sulfur and sulfates in the
pore solution obtained from paste containing slag cement (i.e. M3 and M4) is generally
lower than that observed in the pore solutions of M1 and M2 paste samples (even though
the difference between concentration of elemental sulfur and sulfates is higher for pore
solution extracted from M3 and M4) only sulfate concentration values will be utilized in
all further discussions presented in this chapter.
The concentrations of sulfate (SO42-) and calcium (Ca2+) varied from 1.6 mmol/L to 30.8
mmol/L and 0.0 to 2.2 mmol/L respectively. Previous work (Lothenbach & Winnefeld,
2006) indicated that, in general, the concentrations of SO42- and Ca2+ in pore solution
decrease drastically after the first 12 hours of hydration. The gypsum and anhydrite in the
cement are typically exhausted after half a day of hydration, and the continuous
precipitation of ettringite results in the drastic drop of sulfate ion concentration in the
pore solution. This decrease in sulfate ions concentration leads to the increase of OH- ion
concentration (due to the need to maintain electrical neutrality in pore solution), which
consequently decreases the Ca2+ ion concertation in the pore solution due to the common
ion effect (Lothenbach & Winnefeld, 2006). Since pore solutions were extracted after 3,
7, and 28 days of hydration, SO42- and Ca2+ concentrations are, expectedly, low.
However, it should be noted that the sulfate content for pore solution from plain OPC
paste matrix was highest amongst the four different paste systems. This can be attributed
to the dilution of sulfate concentration occurring due to replacement of part of the OPC
with supplementary cementitious materials. Since sulfates are responsible for formation
of secondary deposits in concrete system, the focus of this study will be on the sulfate
content of the pore solutions.

It should also be noted that the concentrations of alkalis in pore solutions extracted from
paste samples without slag cement (M1 and M2) were higher than those observed in pore
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solutions extracted from paste containing slag cement (M3 and M4) (as shown in Table
3.3). As a result, the theoretical pH values (obtained by calculating the amount of
hydroxyl ions required to make the solutions electrically neutral) of the pore solutions
from pastes M3 and M4 were lower than those calculated for pastes M1 and M2 at all
ages considered in this study (as shown in Figure 3.2). The difference in the theoretical
pH of paste matrices with and without slag cement was most pronounced for 28-day
hydrated pore solutions. The solubility of CaS increases at high pH (Hammerling, 1999).
Therefore, theoretically, pore solution of paste samples without slag cement (M1 and M2)
should remove more sulfur from ACBFS aggregate than pore solution of paste sample
with slag cement (M3 and M4). The significance of a small change in pH (13.2 – 13.9) in
increasing the amount of sulfur removed from ACBFS aggregates will be addressed in
section 3.5.3.

Figure 3.2 Variation in the pH (values calculated using charge balance approach) of pore
solutions of plain, binary, and ternary paste matrices with age

23
The concentration of alkalis (Na+ and K+) and sulfates in different pore solutions are
shown in Figure 3.3. Paste samples with SC (i.e. M3 and M4) showed lower potassium
ion content but slightly higher sodium ion content compared to paste samples without SC
(i.e. M1 and M2) except for sodium content of M4 paste after 28 day hydration.
However, the total alkali content for pore solutions from pastes M3 and M4 is lower than
that for M1 and M2 for all hydration ages (refer to Table 3.3) considered in this study.
This observation can be attributed to the dilution effect of SC (which has lower alkali
content compared to OPC, as shown in Table 3.1). On the other hand, pore solution
extracted from binary paste matrix containing FA (M2) showed slightly higher total alkali
content compared to plain cement matrix (M1) after 28-days of hydration and slightly
lower total alkali content for 3-day and 7-day hydrated pastes.

Mixture 1
Mixture 2
Mixture 3
Mixture 4

Plain paste matrix (OPC)
Binary paste matrix (OPC + FA)
Binary paste matrix (OPC + slag cement)
Ternary paste matrix (OPC + FA + slag cement)

Figure 3.3 Changes in the concentration of (a) K, (b) Na, and (c) sulfate with hydration
age for pore solutions from four different paste matrices
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Figure 3.3 continued
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Class C fly ash used in this study had higher total alkali content than OPC (refer to Table
3.1). The slightly lower values of total alkali concentrations observed in mixtures at early
ages (3 and 7 days) are the result of the slow rate of reaction of pozzolanic material (fly
ash). Fly ash is reported to become involved in the hydration after 3 – 7 days of curing
(Fraay et al., 1989; Weng et al., 1997). Therefore, at later age (28 days) more of fly ash
has hydrated and therefore the binary paste shows slightly higher alkali content. The total
alkali concentration of pore solution extracted from plain (M1) and binary paste samples
with fly ash (M2) increases with age due to dissolution of cementitious material as
hydration progresses.

However, for pore solution extracted from paste samples containing SC (M3 and M4) the
total alkali concentration reduces with age. This observation aligns with the results of
past research (Duchesne & Berube, 1994), which have demonstrated that the hydration
product of SC incorporates more alkalis compared to the hydration products of OPC. As
a result, the total alkali content of the pore solution decreases with age for M3 and M4.
The sudden drop in the total alkali content of pore solution of ternary paste matrix (M4)
between 7-day and 28-days of hydration can be due to the combined effect of SC
capturing alkali in its hydration products and dilution (i.e. replacing OPC, which has
higher alkali content, with SC). Sulfate ion concentration also show trends similar to
alkali concentration with just one exception, i.e. lower sulfate concentration for pore
solution extracted from binary paste samples with fly ash (M2) at 28 days compared to
pore solution extracted from binary paste with fly ash (M2) at 7 days.
3.5.2

Artificial pore solutions (APSs)

Table 3.4 shows the chemical components used to prepare APSs which were used to
simulate the pore solution obtained from plain, binary and ternary paste matrices. The
compositions of APSs were analyzed and compared with the compositions of the actual
pore solutions obtained from pastes in order to show the representativeness of those
APSs. The comparison between APSs representing 28-day hydrated pore solution and
real pore solution (obtained after 28-days of hydration) is shown in Figure 3.4. Similarly,
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comparisons between APSs representing 3-day and 7-day hydrated pore solutions and
real pore solutions extracted from 3-day and 7-day hydrated cement pastes are shown in
Figure A.1 and Figure A.2 respectively. APSs varied slightly in their chemical
composition when compared to pore solutions extracted from paste samples of the
respective paste matrix. However, differences in chemical composition between real and
artificial pore solution for each paste matrix were small (that is they were not greater than
about 25% for K, 45% for Na, and 50% for sulfate) and each APS has a unique chemical
composition. Therefore, it is safe to assume that APSs are representative of pore solutions
of plain, binary, and ternary paste matrices under investigation for this study.
Table 3.4 Components used to prepare the APSs
3 day pore solution (g of salt used to prepare 1L solution)
Chemical
S1_3D
S2_3D
S3_3D
S4_3D
0.0443
0.0194
0.0000
0.0000
CaCl2
0.0046
0.2200
0.1890
0.1713
NaCl
3.0775
2.0772
0.9511
0.8323
Na2SO4
2.7801
3.6866
7.6458
6.7558
NaOH
31.0661
30.1191
15.5345 12.9689
KOH
0.1083
0.0778
0.1580
0.1565
Al2O3
7 day pore solution (g of salt used to prepare 1L solution)
Mix Type
S1_7D
S2_7D
S3_7D
S4_7D
0.0379
0.0046
0.1649
0.0100
Ca(OH)2
0.0317
0.0334
0.1819
0.1687
NaCl
3.7142
2.9041
0.7781
0.4247
Na2SO4
2.7683
4.0897
7.4089
6.5174
NaOH
34.3665
32.6302
14.6922 11.9199
KOH
0.0795
0.0839
0.1782
0.1689
Al2O3
28 day pore solution (g of salt used to prepare 1L solution)
Mix Type
S1_28D
S2_28D
S3_28D S4_28D
0.0181
0.0307
0.0000
0.0000
Ca(OH)2
0.0553
0.0348
0.7609
0.0795
NaCl
4.3794
2.0266
0.5687
0.2328
Na2SO4
2.7777
5.8635
6.5999
2.9718
NaOH
36.1745
34.1225
13.2645 4.8142
KOH
0.0864
0.0867
0.1625
0.1514
Al2O3
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S1 and M1
S2 and M3
S3 and M3
S4 and M4

Plain paste matrix (OPC)
Binary paste matrix (OPC + FA)
Binary paste matrix (OPC + slag cement)
Ternary paste matrix (OPC + FA + slag cement

Figure 3.4 Chemical composition of artificial (A) pore solution vs. chemical composition
of real (R) pore solution (extracted from paste samples after 28-day hydration).
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3.5.3

Changes in the chemistry of the APSs in contact with coarse ACBFS
aggregates

Coarse ACBFS aggregate [maximum diameter (Dmax) = 1 in.] was submerged in various
APSs with a solid (ACBFS aggregate) to liquid (APS) ratio of 1:4 by volume. The
control solutions (i.e. APSs without ACBFS aggregate) and APSs with submerged
ACBFS aggregate were all stored in similar environments for the entire duration of the
experiment. Changes in the chemistry of APSs with submerged coarse ACBFS aggregate
and in the chemistry of control solutions (i.e. APSs without ACBFS aggregate) were
measured at specific time intervals using IC and ICP-OES techniques. Figure 3.5 shows
the variation in the sulfate content of both, control APSs and APSs in contact with coarse
ACBFS aggregate, as a function of the exposure time. Table 3.5 summarizes changes in
sulfate concentration (in mmol/L) and percentage change in the sulfate content of the
APSs in contact with the coarse ACBFS aggregate. Both, Figure 3.5 and Table 3.5
indicate that the sulfate concentrations of APSs in contact with the coarse ACBFS
aggregate increased with time. The sulfate concentration of the control APSs remained
the same (as shown in Figure 3.5) for the entire duration of the experiment. The increase
in the sulfate concentration of APSs which have been in contact with the coarse ACBFS
aggregate for 28 days varied from 4.85 - 12 .23 mmol/L. For 3-day and 7-day APS’s, the
total increase in the sulfate concentration after 28 days of exposure was between 4.85 and
6.40 mmol/L and 8.31 and 10.51 mmol/L respectively. On the other hand, for APS
representing 28-day hydrated pore solution, the concentration of sulfates released from
the coarse ACBFS aggregate into the solution was lower (5.3 and 6.3 mmol/L) when the
aggregate was submerged in APSs representative of paste matrix with SC (M3 and M4),
compared to paste matrix without SC (M1 and M2), for which the corresponding
concentrations were 9.4 and 12.2 mmol/L respectively. As discussed in section 3.5.1, the
difference in pH of pore solution is most pronounced between for 28-day hydrated paste
matrices with and without slag cement (refer to Figure 3.2). It is therefore postulated that
the observed difference in the sulfates released from coarse ACBFS aggregate into APS
representative of 28 day hydrated paste systems with and without SC is because of this
difference in pH. However, further investigation is required to confirm weather

29
differences in pH range typical of that encountered in actual concretes (i.e. 12.5 – 14) can
alter the behavior of ACBFS aggregates.

The relative percentage increase in the sulfate ion concentration in the APS in contact
with the coarse ACBFS aggregate varied from 25 – 300% (of the original sulfate ion
concentration) for different pore solutions used in this study. The higher percent increase
was observed for APSs representing pore solutions of paste matrices with SC (M3 and
M4) (as shown in Table 3.5) because they had a low initial sulfate content (refer to Figure
3.3 c).

As seen in Figure 3.5, the rate of increase in the concentration of sulfates in the APSs is
greater during the first 72 hours of that solution being in contact with the coarse ACBFS
aggregates when compared to later stages of exposure. In fact, 55 – 67% of the total
sulfate contribution from the coarse ACBFS aggregate to the APSs representing pore
solution of 3-day hydrated cement paste matrix occurred in the first 72 hours of exposure.
Similarly, 52 – 90% and 40 – 80% of the total sulfate contribution from coarse ACBFS
aggregates to the APSs representing pore solution of 7-day and 28-day hydrated cement
paste matrix, respectively, occurred in the first 72 hours. This observation would imply
high likelihood of release of sulfate ions from the coarse ACBFS aggregates into pore
solution of concrete before it sets. Therefore, the inclusion of ACBFS aggregates in
concrete could potentially alter the pore solution of fresh concrete. The research on this
aspect of the fresh concrete – ACBFS aggregate interaction is presented in Chapter 4 of
this thesis.

Previous work have demonstrated that plain cement concrete with ACBFS aggregate may
experience higher infilling of air voids with ettringite compared to concrete with naturally
mined dolomitic or limestone aggregates (Lankard, 2010; Smith et al., 2012). The
increase in sulfate concentration of APSs observed in this study confirms that ACBFS
aggregates contribute sulfates to pore solution of cementitious systems. The highest
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Table 3.5 Changes in the sulfate concentration of APSs in contact with coarse ACBFS
aggregates

Label
Artificial Pore
Solutions

Time elapsed after initiation of contact with coarse ACBFS aggregate
Initial Conc.
24.0

1 hr.
5 hr.
1 day
3 day
7 day 14 day 28 day
0.03
-0.57
0.77
4.03
4.18
6.16
6.03
S1_3D
(0.1)
(-2.4)
(3.20)
(16.8) (17.4) (25.7) (25.1)
16.6
-0.30
0.17
1.31
3.05
3.24
4.44
5.46
S2_3D
(-1.8)
(1.0)
(7.90)
(18.4) (19.5) (26.7) (32.9)
6.9
0.93
1.52
2.25
3.55
4.34
5.28
6.40
S3_3D
(13.4)
(21.9)
(32.36) (51.1) (62.5) (76.0) (92.1)
6.5
1.01
1.58
2.19
2.83
3.28*
4.35
4.85
S4_3D
(15.5)
(24.1)
(33.55) (43.4) (50.2) (66.6) (74.2)
1 hr.
5 hr.
1 day
3 day 14 day 21 day 28 day
30.3
3.24
3.77
6.48
9.40
10.20
10.13
10.51
S1_7D
(10.7)
(12.4)
(21.35) (31.0) (33.6) (33.4) (34.6)
25.0
-0.65
2.37
5.02
7.03
8.74
9.55
9.06
S2_7D
(-2.6)
(9.5)
(20.09) (28.1) (35.0) (38.2) (36.2)
6.7
2.98
3.64
4.06
5.00
6.85
8.24
9.62
S3_7D
(44.5)
(54.3)
(60.59) (74.7) (102.3) (122.9) (143.6)
3.9
2.09
2.90
4.90
5.44
6.50
7.60
8.31
S4_7D
(53.1)
(73.8) (124.72) (138.4) (165.3) (193.5) (211.5)
1 hr.
5 hr.
1 day
3 day 14 day 21 day 28 day
42.9
0.34
1.76
3.33
4.63
7.88
6.36
9.40
S1_28D
(0.8)
(4.1)
(7.76)
(10.8) (18.4) (14.8) (21.9)
19.1
2.73
3.48
4.72
5.51
9.12
11.32
12.23
S2_28D
(14.3)
(18.2)
(24.73) (28.9) (47.7) (59.2) (64.0)
6.1
0.70
1.76
1.88
2.00
5.59
8.26
5.29
S3_28D
(11.6)
(29.0)
(31.03) (33.0) (92.1) (136.1) (87.2)
2.1
2.21
2.77
3.58
5.02
6.89
5.33
6.29
S4_28D
(104.5) (130.9) (169.17) (237.4) (326.1) (252.0) (297.6)
All values indicate change in sulfate concentration (in mmol/L ) with respect to initial value (0 hours)
Values in parenthesis indicate percentage changes in sulfate concentration with respect to initial
concentration
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Figure 3.5 Plots of variation in the sulfate content of control APSs and a) 3-day hydrated
APSs, b) 7-day hydrated APSs, and c) 28-day hydrated APSs exposed to coarse ACBFS
aggregate
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Figure 3.5 continued

concentrations of sulfate ions (of 30, 45 and 52 mmol/L) in APSs in contact with the
coarse ACBFS aggregate for 28 days was observed for systems representative of plain
OPC (M1) matrix. This was true for all three different ages of hydration monitored in this
study, i.e. 3, 7, and 28 days. On the other hand, even after 28 days of contact with
ACBFS aggregate, the sulfate concentration in the APSs representing pore solution of
paste samples with SC (M3 and M4) was 2.25 – 6.25 times lower than the sulfate
concentration of APSs representing pore solution of paste samples of plain OPC paste
matrix (M1) at the same age. The high initial sulfate concentration (as shown in Table
3.5) in APSs representative of pore solution obtained from plain cement paste matrix
(M1) explains the aforementioned observation. Therefore, plain cement concrete with
ACBFS aggregates could be most susceptible to internal sulfate attack amongst the four
different paste matrices considered in this study. The lower total sulfate concentration of
APSs representative of pore solutions obtained from paste matrices with slag cement (M3
and M4) after 28-days of contact with ACBFS aggregate could result in better freeze-
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thaw performance (due to lower ettringite infilling) of concrete (with ACBFS as coarse
aggregate) compared to concrete with pure OPC paste matrix. Recent study by (Verian et
al., 2015) on the freeze-thaw behavior of concrete with ACBFS as coarse aggregate
confirmed that concrete with plain OPC matrix deteriorated faster compared to concrete
with cement paste matrix which included SC.

Pore solutions in contact with coarse ACBFS aggregates showed little or no variation in
their chloride concentrations with respect to exposure duration [as shown in Figure 3.6
(a)]. The observed fluctuations (which are of the order of 0.01 mol/L) can be attributed to
solution analysis errors. Similarly, the concentrations of sodium and potassium ions in
APSs also did not significantly change with the duration of contact of APSs with coarse
ACBFS aggregates [see Figure 3.6 (b) and (c)].

Since CaS has been reported in the past (Hammerling, 1999) as one of the sources of
sulfur in ACBFS aggregates, the increase in sulfate concentration of pore solutions
should be accompanied by an increase in calcium ion concentration. However, the data
obtained using ICP-OES doesn’t show any clear correlation between the calcium
concentration and duration of exposure to ACBFS aggregates [as evident from Figure 3.6
(d)]. Since the concentration values of calcium that we are dealing with are very small
(compared to other chemical species analyzed), all variations shown in Figure 3.6 (d) are
likely due to combined errors introduced by the measurement technique and pore solution
handling.
3.5.4

Changes in the sulfate concentrations of APSs exposed to crushed ACBFS
aggregates

Before placing them in the APSs, the coarse ACBFS aggregate (Dmax = 1 in.) was first
crushed to obtain fine aggregate (Dmax = 3/8 in.). The crushing of the coarse aggregate
was implemented in order to increase the surface area of the particles (and to decrease the
distance between the interior of the particles and its surface) in an effort to maximize the
sulfate leaching potential. The crushed aggregate was submerged in APSs with solid
(ACBFS aggregate) to liquid (APS) ratio of 1:4 by volume. The control samples for this
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experiment were APSs without ACBFS aggregate which were exposed to environmental
conditions similar to the APSs in contact with crushed ACBFS aggregate. APSs used to
study changes in their chemistry due to contact with crushed ACBFS aggregate were
representative of pore solutions obtained from plain (M1), binary (M2, M3), and ternary
(M4) paste matrices after 7-days of hydration. As reported in section 3.5.3, significant
changes were observed only for sulfate concentrations of the APSs when the APSs were
in contact with coarse ACBFS aggregates. Hence, only changes in the sulfate
concentration of APSs in contact with crushed ACBFS aggregate were measured for the
exposure of APSs to crushed ACBFS aggregate. The measurements were performed after
specific duration of contact (i.e. 1 hr., 5 hr., 1 day, 3 day, 7 day, 21 day, and 28 day) of
the APSs with the crushed ACBFS aggregate using the IC method.

Figure 3.7 and Table 3.6 show the variation in the sulfate content of APSs in contact with
crushed ACBFS aggregate. It can be seen that the sulfate ion concentration of APSs in
contact with crushed ACBFS aggregate increases with time whereas the sulfate
concentration of control APSs remain the same. No significant differences were observed
in the increase in sulfate concentration of APSs derived from various cementitious
systems as the observed values only varied between 14.21 (for S4) to 16.87 (for S1)
mmol/L after 28 days of exposure. In addition, the rate of increase of sulfate
concentration of APSs in contact with crushed ACBFS aggregate was greatest during the
first 3 days of exposure compared to later stages of exposure. Overall, between 67 –75%
of the total sulfate contribution from crushed ACBFS aggregates soaked in APSs
representing pore solution of 7-day hydrated cement paste matrix occurred within the first
3 days of exposure.
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M1
M2
M3
M4

APS representing pore solution of plain paste matrix (OPC)
APS representing pore solution of binary paste matrix (OPC + FA)
APS representing pore solution of binary paste matrix (OPC + slag cement)
APS representing pore solution of ternary paste matrix (OPC + slag cement + FA)

Figure 3.6 Changes in the concentration of a) chloride, b) sodium, c) potassium, and d)
calcium in control APSs and APSs (representing 28-day hydrated pore solution) in
contact with coarse ACBFS aggregate
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Table 3.6 Changes in sulfate concentration of APSs in contact with crushed ACBFS
aggregates
Time elapsed (in hours) after initiation of contact with
Label
crushed ACBFS aggregate
Fine Aggregate Initial Conc.
1
5
24
72
168
504
672
25.7
6.08
8.50
12.23 12.70 12.55 14.64 16.87
S1_7D
(23.7) (33.1) (47.59) (49.4) (48.8) (57.0) (65.7)
20.8
5.28
8.26
9.22
9.81
9.25 10.46 14.55
S2_7D
(25.3) (39.6) (44.26) (47.1) (44.4) (50.2) (69.8)
5.6
4.88
6.35
10.17
9.91 11.43 12.85 14.74
S3_7D
(87.7) (114.2) (182.78) (178.2) (205.4) (230.9) (265.0)
2.9
4.89
7.84
8.68
10.26 10.72 12.41 14.21
S4_7D
(167.4) (268.5) (297.6) (351.7) (367.4) (425.4) (486.8)
All values indicate change in sulfate concentration (in mmol/L ) with respect to initial value
Values in parenthesis indicate percentage changes in sulfate concentration

Both, the total increase and the rate of increase of sulfate concentration in APSs was
greater while they were in contact with crushed ACBFS aggregate compared to when
they were in contact with coarse ACBFS aggregate. For the case of APSs representing
pore solution of 7-day hydrated plain, binary, and ternary paste matrices discussed here
the total increase in the sulfate concentration varied from 14.21 – 16.87 mmol/L if these
APSs were in contact with crushed ACBFS aggregate while the increase in sulfate
concentration for the same APSs when they were in contact with uncrushed ACBFS
aggregate were only in the range of 8.31 – 10.31 mmol/L. Similarly, after 3 days of
exposure, APSs in contact with crushed and coarse ACBFS aggregate recorded an
increase in sulfate ion concentration of 9.81 – 12.70 mmol/L and 5.00 – 9.40 mmol/L,
respectively.
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M1_7D
M2_7D
M3_7D
M4_7D

APS representing pore solution of 7-day hydrated plain paste matrix
APS representing pore solution of 7-day hydrated binary paste matrix with FA
APS representing pore solution of 7-day hydrated binary paste matrix with slag
APS representing pore solution of 7-day hydrated ternary paste matrix

Figure 3.7 Changes in the concentration of sulfate in APSs (representing 7-day hydrated
pore solution) exposed to crushed ACBFS aggregate
3.5.5

Chemical characterization of ACBFS aggregates before and after exposure
to APSs

The XRF analysis results of coarse ACBFS aggregates before and after 28 day exposure
to the APSs representing pore solution of 7-day hydrated plain OPC paste matrix are
presented in Table 3.7. Only 2 sets of ACBFS aggregates were tested using XRF, one
before exposure and one after the exposure. Since only 1 set of samples was tested for
each of the two (i.e. before and after exposure cases), the data presented here has little
statistical significance. However, as indicated by the calculations shown below, the
theoretically predicted increase in the sulfate concentration in the 7-day APS is linked to
the observed reduction in SO3 content of ACBFS aggregate soaked in this solution.
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The slag aggregate used in this study had a specific gravity of 2.43 (value provided by the
aggregate manufacturer). Since the ratio of aggregate to pore solution used in this study is
1:4 by volume, the volume of ACBFS aggregate submerged in 100 ml of pore solution
would be 25 ml. Using specific gravity value, 25 ml of ACBFS aggregate weighs 60.75
g. The change in SO3 content for ACBFS aggregates exposed to 7 day artificial pore
solutions is 0.22% by weight (see sample calculations below). Therefore, the weight of
SO3 lost by ACBFS aggregates due to 28-day exposure to 7-day APS is 0.13365 g
(0.22% of 60.75 g). Assuming all the SO3 lost from ACBFS aggregates is converted into
sulfates, the increase in sulfate concentration of 100 ml of 7-day artificial pore solution
should be 1336.5 ppm. The experimentally recorded increase in the sulfate concentration
for 7-day APS after 28-day contact with coarse ACBFS aggregate is 1010 ppm (i.e. 10.51
mmol/L). Although the difference between the calculated and experimental value is about
30%, these calculations show that after 28 days of testing there is a definite link between
the reduction in the SO3 content of ACBFS aggregate and the increase in sulfate
concentration of the APS in contact with the aggregate. Detailed calculations for the same
is presented below.
Specific gravity of ACBFS aggregate: SG = 2.43;
Assuming 100 ml of pore solution and Vagg./Vsol. = 1:4, the Vol. of ACBFS aggregate: V
= 100/4 = 25 ml;
Mass of 25 ml ACBFS aggregate: MACBFS = SG x V x Dw = 2.43 x 25 ml x 1g/cm3 =
60.75 g
Weight percent change in SO3 content: Δ = 1.66 – 1.44 (values obtained from Table 3.7)
= 0.22%;
Mass of SO3 lost by ACBFS aggregate = MSO3 = Δ x MACBFS = 0.22 % x 60.75 = 0.13365
g = 133.65 mg
Assuming all SO3 lost by ACBFS aggregate increases the sulfate concentration of the
pore solution, the theoretical increase in sulfate concentration of 100 ml pore solution =
MSO3/0.1 L = 1336.5 ppm
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Table 3.7 Oxide composition of coarse ACBFS aggregate before and after soaking in
APS representing 7-day hydrated pore solution

Oxides
Al2O3
CaO
Cr2O3
FeO
K2O
MgO
MnO
Na2O
P2O5
SO3
SiO2
SrO
TiO2
ZnO
LOI

Before Exposure
10.55
36.92
0
0.39
0.42
11.54
0.36
0.04
0.01
1.66
37.83
0.04
0.28
0
0.0

Weight %
After 28 day Exposure
10.39
36.98
0
0.64
0.49
11.55
0.38
0.04
0
1.44
37.58
0.04
0.37
0.01
0.05

Summary
The chemistry of pore solutions obtained from plain, binary and ternary paste matrices
after 3, 7 and 28 days of hydration were analyzed and used to prepare artificial pore
solutions (APSs) in the laboratory. Coarse and crushed ACBFS aggregates were
submerged in the APSs and changes in the chemical composition of the APSs were
measured using IC and ICP-OES techniques. The following observations resulted from
the analysis of data obtained in this study


Chemical analysis of pore solution obtained from 3, 7, and 28 day hydrated
plain, binary and ternary paste matrices revealed that plain OPC pore solution
had highest sulfate content. Paste matrices with SC (M3 and M4) showed
comparatively lowest sulfate contents amongst the four different binder systems
evaluated in this study.



The sulfate concentration of all APSs increased once they were in contact with
either the coarse or the crushed ACBFS aggregate. After 28 days of exposure
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to coarse ACBFS aggregate, the increase in sulfate concentration ranged from
4.85 – 12.23 mmol/L. After 28 day exposure to crushed aggregate, the increase
in sulfate concentration of 7-day APS’s ranged from 14.21 – 16.87 mmol/L.
Changes in concentration of sodium, potassium, calcium, and chloride due to
exposure to coarse ACBFS aggregate were insignificant.


The increase in sulfate concentration of APSs in contact with coarse and
crushed ACBFS aggregates was greatest during the first 3 days of exposure.
Specifically, more than 40% of the total sulfate that was released by the coarse
and crushed ACBFS aggregates in 28 days into the APSs occurred during the
first 3 days of exposure.



The APSs, representing pore solution of 7-day hydrated paste systems, in
contact with the crushed and coarse ACBFS aggregate experienced an increase
in the sulfate concentration of 14.21 – 16.87 mmol/L and 8.31 – 10.31 mmol/L
respectively. Higher surface area and smaller particle size of crushed ACBFS
aggregate resulted in a faster rate of sulfate release into the APSs.



The composition of the APSs [i.e. being representative of plain (OPC), binary
(OPC + F.A. or OPC + slag cement) or ternary (OPC + FA + slag cement) pore
solutions] did not seem to influence the release of sulfates from the ACBFS
aggregate except for the case of APSs representing 28 day hydrated paste
systems. The differences in the pH values of 28 day hydrated pore solutions
with and without SC could be responsible for the observed differences in the
change in sulfate concentration of APSs in contact with coarse ACBFS
aggregate. However further experimental investigation is required to confirm
this assertion.

In summary, the sulfate concentration of APSs increased quickly after they came in
contact with either coarse or crushed ACBFS aggregate. Therefore, it is likely that
inclusion of ACBFS aggregate in concrete could alter the chemistry of pore solution of
fresh concrete.

41

4. PHASE II: MONITORING THE CHEMISTRY OF PORE
SOLUTIONS OF MORTAR SAMPLES INCORPORATING
ACBFS AGGREGATE

Background
Results presented in Chapter 3 showed an increase in the sulfate concentration of
artificial pore solutions (APSs) in contact with ACBFS aggregates. More than 40% of the
total increase (which was recorded for 28 days of contact with ACBFS aggregate) in
sulfate concentration of APSs occurred in the first 3 days of contact with ACBFS
aggregate. Therefore, it could be argued that the sulfur released from ACBFS aggregate
could alter the pore solution chemistry during the early stages of hydration. Availability
of excess sulfate (from ACBFS) in the pore solution at early stages of hydration could
affect the quantities of hydration products, specifically ettringite and monosulfate, formed
and thus alter the rate of hydration.

The hydration of concrete is governed by the chemical makeup of the pore solution
generated when water comes in contact with cementitious materials. The chemical
composition of the cementitious materials used in the production of concretes/mortars
control the pore solution chemistry. The concentrations of different chemical species in
the pore solution change significantly during the first 72 hours of hydration. Rothstein
and co-workers (Rothstein et al., 2002) showed that the alkali concentration increased
significantly in the first 72 hours of hydration of the ordinary portland cement (OPC). On
the other hand, rapid changes in the concentrations of calcium, sulfur, aluminum, and
silicon were reported between 6 – 12 hours from the onset of OPC hydration (Rothstein
et al., 2002).

In modern day concretes/mortars portions of OPC are often replaced by supplementary
cementitious materials (SCMs), such as, fly ash (FA) and slag cement (SC). Analyzing
the early hydration of OPC blended with different supplementary cementitious materials
(SCMs) showed that addition of these materials altered the chemical composition and the
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pH of the pore solution (Scholer et al., 2017). Vollpracht and co-workers (Vollpracht et
al., 2016) showed that, in general, replacement of part of the OPC with slag cement (SC)
resulted in lower alkali concentration in the pore solution. This is not unexpected as past
research has also demonstrated that the hydration products formed in paste systems
containing SC incorporated more alkalis compared to the hydration products of plain
OPC (Duchesne & Berube, 1994). As a result, the total alkali content of pore solution
decreased with hydration age for binary paste systems containing SC. For binary matrices
with fly ash (FA), the alkali concentration of pore solution is lower at later ages because
the C-A-S-H produced due to pozzolanic reaction has a low Ca/Si ratio and therefore
binds more of alkali ions (Vollpracht et al., 2016).

The conversion of slurry of water and cementitious materials into a solid material
involves dissolution of components (phases) of cementitious particles and precipitation of
the hydration products. The dissolution of the different phases, such as tricalcium silicate
(C3S), dicalcium silicate (C2S), calcium sulfate, etc., present in the OPC and other
cementitious materials, in water occurs when the free energy of the final product (i.e.
dissociated ions in solution) is lower than the free energy of reactants (i.e. components in
the solids). The solution, in this state, is ‘undersaturated’ with respect to the dissolving
solid (Bullard et al., 2015). Similarly, precipitations of hydration products occurs when
the free energy of the solid hydration products is lower than the free energy of ions
(which combine to form the hydration products) in the pore solution. The solution, in this
state, is ‘supersaturated’ with respect to the growing solid (i.e. the hydration products)
(Bullard et al., 2015). The rate of hydration is governed by rate of dissolution and rate of
precipitation reactions. If one of the reactions, either dissolution or precipitation, has
reached equilibrium, the rate of hydration will be governed by the other reaction.
The rate of dissolution of cement phases and precipitation of hydration products play a
critical role in defining the reaction kinetics of hydration. The reaction of C3S is the main
contributor to the heat released during hydration of OPC in the first 12 hours (Jansen et
al., 2012). Bullard and his co-workers (Bullard et al., 2015) as well as Vollpracht and coworkers (Vollpracht et al., 2016) showed that undersaturation of the pore solution with
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respect to C3S, along with the oversaturation of the pore solution with respect to CSH,
defined the hydration kinetics of C3S. In addition, Nicoleau and co-workers (Nicoleau et
al., 2014) reported that presence of aluminum and sulfate in the pore solution slowed
down the dissolution of C3S which, in turn, slowed the hydration process. However, other
researchers (Scholer et al., 2017) demonstrated that the amount of sulfates present during
the first 6 hours of hydration in the pore solution of binary paste systems (OPC + FA and
OPC + SC) did not change significantly when additional gypsm was mixed with the
cementitious system before beginning hydration. These researchers argued that this
excess gypsm did not dissolve in the pore solution because the solution was oversaturated
with respect to calcium sulfate. However, it is likely that, at later stages of hydration, the
pore solution becomes undersaturated with respect to calcium sulfate due to precipitation
of sulfate bearing hydration products such as ettringite or monosulfate. This
undersaturation could result in dissolution of the sulfate from the solid phases into the
pore solution.

With this discussion in mind, it is hypothesized the sulfates from the ABCFS aggregate
could affect the chemical composition of the pore solution, hydration kinetics, and
hydration rate of plain (OPC) and binary (OPC + FA and OPC + SC) mortars
incorporating ACBFS aggregate in the following ways:


Since the pore solution is oversaturated with calcium sulfate during the
first 7 hours of hydration of plain (OPC) and binary (OPC + FA and OPC
+ SC) (Lothenbach & Winnefeld, 2006; Scholer et al., 2017), ACBFS will
not contribute any sulfates to the pore solutions of mortars prepared using
these binder systems.



However, after 12 hours of hydration, concentration of Ca and S in the
pore solution will significantly decrease due to precipitation of hydration
products such as C-S-H, ettringite, and monosulfate and exhaustion of
gypsm and anhydride (which are the sources for S in cementitious
materials) (Lothenbach & Winnefeld, 2006). During this time, ACBFS
aggregates could contribute sulfates to the pore solution. In addition, it
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was also reported (Lothenbach & Winnefeld, 2006) that the concentration
of Al ions increases in the pore solution of OPC after 12 hours of
hydration. Therefore, the sulfate supplied from the ACBFS aggregate
could combine with the aluminates to form monosulfates or ettringite.


If the excess sulfates released from the ACBFS aggregate persist in the
pore solution after aluminum is consumed it could help to convert existing
monosulfate into ettringite.

The experimental work presented in this chapter compares the pore solution chemistry
and ettringite content at early ages of hydration (< 7 days) of mortars prepared using
plain (OPC) and binary (OPC + FA and OPC + SC) paste matrices and ACBFS aggregate
with that of mortars with similar binder composition but prepared using non reactive
siliceous (i.e. Ottawa) sand.

Hypothesis
The following hypotheses are proposed in connection with the investigation of the
chemical composition of the pore solution and hydration products formed during early
hydration of mortars prepared using either crushed ACBFS or Ottawa sand as aggregates
and three different binder systems, i.e. the ordinary (ASTM C150 Type I) portland
cement (OPC), the OPC with 20% (by weight) of ASTM C618 type C fly ash (OPC/FA),
and OPC with 21.5% (by weight) of ASTM C696 grade 120 slag cement (OPC/SC).


The presence of ACBFS aggregate will not alter the pore solution chemistry
and the hydration products formed during the first 7 hours of hydration of
mortar samples prepared using three different binder systems, i.e. OPC,
OPC/FA, and OPC/SC.



After 12 hours of hydration, the sulfate concentration of the pore solution of
mortar containing ACBFS aggregate will be higher than that for
corresponding mortar prepared using Ottawa sand for all three binder systems.
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After 12 hours of hydration, the ettringite content of mortars prepared using
ACBFS aggregate will be higher than that for corresponding mortars prepared
using Ottawa sand.



The ettringite content and sulfate concentration of pore solution will be
highest for plain (OPC) mortar prepared using ACBFS aggregate at all
hydration ages.

Materials Used
The chemical composition of the cementitious materials and ACBFS aggregate used for
preparation of mortar mixtures was previously presented Table 3.1 and described in
Section 3.3. The reference mortars were prepared using ASTM C 778 (ASTM
International, 2013) graded Ottawa sand. The ACBFS aggregate needed to prepare the
mortar samples was obtained by crushing larger (Dmax = 1 inch) ACBFS aggregate
meeting the requirements of Indiana Department of Transportation (INDOT) for No. 8
aggregate (INDOT Standards Specifications, 2010). The maximum diameter of the
crushed ACBFS aggregate was 3/8 in. All mortars shown in Table 4.1 were prepared
using a Hobart mixer following the procedure described in ASTM C305-14.

Research Approach
Three different binder systems, one plain (OPC) and two binary (OPC/FA and OPC/SC),
were used to prepare mortars with each type of aggregate resulting in six different types
of mortars. Pore solution was extracted from each of the mortar mixtures in both, fresh
(i.e. up to 6 hours after mixing) and hardened (i.e. after 6 hours and up to 168 hours of
hydration) states and analyzed using ICP-OES to determine the change in their chemistry
as a function of hydration time. The difference in the ettringite and monosulfate content
of hardened mortars prepared using ACBFS aggregate and Ottawa sand was
demonstrated using qualitative data collected using X-ray diffraction (XRD) and
quantitative data obtained using thermogravimetric analysis (TGA).
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Table 4.1 Mixture proportions for mortars used to study pore solution chemistry
Mortar
System

Type 1
OPC

Class C fly
ash

OPC-O
OPC/FA-O
OPC/SC-O
OPC-S
OPC/FA-S
OPC/SC-S

48.85
40.28
39.97
48.85
40.28
39.97

0
8.05
0
0
8.05
0

4.4.1

Grade 120
slag cement
(lbs/ft3)
0
0
8.59
0
0
8.59

Ottawa
Sand

ACBFS
aggregate

w/cm

57.88
57.88
57.88
0
0
0

0
0
0
53.07
53.07
53.07

0.5
0.5
0.5
0.5
0.5
0.5

Mortar mixture design

The volumetric mixture proportions of the mortars used for the study described in this
chapter are presented in Table 4.1. All mortars were designed assuming 1% entrapped air
and the water/cementitious ratio was maintained at 0.5. To facilitate extraction of
sufficient quantities of pore solution from mortars hydrated up to 7 days, the aggregate
content of all mortars was only 35% (of the total volume). In binary mortars containing
FA (OPC/FA), 20% (by weight) of the OPC was replaced with FA whereas 21.5% (by
weight) of OPC was replaced with SC in binary mortars with SC (OPC/SC). These
replacement levels ensured that similar volume of OPC was replaced with the
supplementary cementitious materials in the binary mortar mixes. Distilled water was
used to prepare all mortar samples for this experiment. All the mortar systems ending
with ‘-O’ and ‘-S’ (refer to Table 4.1) represent mortars prepared using Ottawa sand and
ACBFS aggregate, respectively. The first portion of the name of the mortar system (such
as OPC, OPC/FA, OPC/SC) comprises information about the type of binder used to
prepare that mortar. For example, mortar system OPC/FA-S represents mortar prepared
using a binder system comprising of OPC and 20% (by weight) FA and ACBFS
aggregate.
4.4.2

Pore solution expression

Pore solution was extracted from all mortars after 15 minutes, and then after 1, 3, 5, 9,
12, 18, 24, 48, 72, and 168 hours from the time of the first contact of cementitious
materials with water. For fresh mortars (i.e. mortars with less than 6 hours of hydration),
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small samples (approximately 200 g) were prepared and immediately transferred to a
vacuum chamber to prevent carbonation. Once fresh mortars reached the prescribed
hydration age, pore solution was extracted by vacuum filtration using 0.45 µm filter. For
hydration times greater than 6 hours, small cylindrical specimen (2”x4”) were cast and
sealed in plastic molds which were cured in vacuum. After the mortar reached the
prescribed curing age, two cylinders from each mortar mixture were demolded and
immediately placed in a pore solution extraction die (previously described by Barneyback
and Diamond (Barneyback & Diamond, 1981)). During the extraction process, the
pressure on each mortar sample was increased from 0 to 63,000 psi (in cyclic steps) until
5 – 10 ml of pore fluid was recovered through the fluid drain. All pore solutions were
then filtered and transferred into a sealed vial for analysis.
4.4.3

Pore solution analysis

Pore solutions obtained from mortar samples were diluted 50 times using deionized
water. The hydroxide concentration of the diluted pore solutions was determined using a
pH electrode which was calibrated against known concentrations of potassium hydroxide.
The diluted solutions were analyzed using Perkin Elmer OPTIMA 8300 inductively
coupled plasma optical emission spectrometer (ICP-OES) to determine the concentrations
of elements of sodium (Na), potassium (K), calcium (Ca), aluminum (Al), silicon (Si),
and sulfur (S). The following wavelengths were used to determine the concentration of
different elements using ICP-OES: 589.592 nm for Na, 766.490 nm for K, 317.933 nm
for Ca, 396.153 nm for Al, 251.611 nm for Si, and 181.975 nm for S. Prior to analysis in
the ICP-OES, the solutions were acidified (using 5% HNO3 by volume of the solution) to
prevent precipitation of solids.
4.4.4

X-ray diffraction (XRD)

The ettringite and monosulfate present in both, mortars prepared using Ottawa sand and
mortars incorporating ACBFS aggregate, was identified and their intensities (which is an
indirect measure of the amount of a particular crystal present) were compared after 1 and
7 days of hydration using the X-ray diffraction (XRD) analysis. Prior to XRD analysis,
all samples were lightly (i.e. by applying a small force) ground to pass #200 sieve. This
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‘light grinding’ was carried out to prevent grinding of the aggregate particles. Only a
small portion of the aggregates (i.e. less than 7%) used to prepare, both, the reference
mortar and the ACBFS aggregate mortar, would pass the #200 sieve. Therefore, if further
grinding of the aggregate is prevented, only a small portion of it would end up in the final
sample being analyzed using the XRD. This self-imposed grinding restriction increased
the number of samples required to be lightly ground to obtain sufficient powder for
conducting XRD analysis. In addition, these mortars contained only 35% by volume of
aggregate. Therefore, the powder produced by light grinding of these mortars was
assumed to contain little or no aggregate. Prior to analysis of each sample, the powder
was placed in an oven maintained at 50°C for 1 hour. The dried powder was placed in a
sample holder with a transparent glass plate on the bottom of the sample (refer to Figure
4.1). The diffraction patterns were recorded by a SIEMENS X-ray diffractometer
equipped with a Cu Kα radiation source over a Bragg angle (2θ) range of 8° - 60° with a
step width of 0.02°. In this instrument, the radiation is generated in a Cu tube at 50 kV
and 30 mA.

Figure 4.1: XRD sample and sample holder
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4.4.5

Thermogravimetric Analysis (TGA)

TGA samples were prepared following the same procedure which was used to prepare
XRD samples (see section 4.4.4). The TGA analysis was carried out on approximately 25
mg of sample in a N2 atmosphere using a TA Instruments Q50 equipment which was
programmed to increase the temperature from an ambient value to 600°C at the rate of
10°C/min.

Results and Discussion
4.5.1

Chemistry of pore solutions of mortars prepared using Ottawa sand and
ACBFS aggregates

The results of the chemical analysis of pore solution extracted from fresh and hardened
mortars prepared using Ottawa sand or ACBFS aggregates after 15 minutes, 1, 3, 5, 9, 12,
18, 24, 48, 72, and 168 hours of hydration are discussed in this section. The complete set
of data on the elemental concentrations of potassium (K), sodium (Na), calcium (Ca),
silicon (Si), aluminum (Al), and sulfur (S) (measured using ICP-OES) in the pore
solutions extracted from mortars is given in Table A.1. This section mentions the
summarized (in the form of graphs) version of these data.

As shown in Figure 4.2 (a), within the first 15 minutes (0.25 hours) of hydration the
combined concentration of alkaline elements (i.e. Na + K), in the pore solution of all six
mortars under investigation, is already relatively high and more or less constant, ranging
depending on the binder used, from approximately 325 to 475 mM. This observation is
consistent with previous research conducted on pore solution analysis of OPC and
blended cement pastes (Lothenbach & Winnefeld, 2006; Scholer et al., 2017). The fast
dissolution of alkali phases present in the cementitious system is responsible for the high
concentrations of K and Na observed immediately after contact of the binder with water.
As shown in Figure 4.2 (b), the total alkali concentration of pore solutions extracted from
all six mortars increases with time (after 12 hours of hydration) as hydration proceeds.
The alkali concentrations for fly ash was the highest because fly ash contained more
alkalis compared to OPC and SC (as shown in Table 3.1).
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After 15 minutes of contact of water with cementitious materials, the Ca an S
concentration varies from approximately 17 to 20 mM and 110 to 165 mM, respectively.
Similar to the total alkali concentration, the S concentration increased to values greater
than 100 mM, for pore solutions extracted from all mortars, immediately after contact
(i.e. 15 minutes) of water with cementitious material. As shown in Figure 4.3, the
concentration of calcium and sulfur remain constant in the first 3 and 9 hours respectively
and then reduces significantly for all mortars. This observation is also consistent with
previous research (Lothenbach & Winnefeld, 2006; Scholer et al., 2017) and is due to the
pore solution becoming saturated with respect to these elements at early stages of
hydration. Once, the rate of precipitation of hydration products increases (after about 9
hours of hydration) the concentration of both Ca and S reduces drastically because these
elements are consumed to form the precipitates of the hydration products (i.e. ettringite
and CSH) and the amount of CaSO4 (which is the primary source for Ca and S in a
cementitious system during the early stages of hydration) in the system is not sufficient to
replace them in the pore solution.

Current research also confirmed results from the previous studies (Rothstein et al., 2002;
Vollpracht et al., 2016), in that a large increases were observed in the concentration of
OH-, Si, and Al whereas significant reduction was recorded in the concentration of Ca
and S for pore solutions extracted from all six mortars after 9 hours of hydration. Figure
4.4 shows the reduction in Ca and S concentration after 9 hours of hydration. The Si
concentration varied from 0 – 1 mM for all samples except for 18 hour hydrated mortar
prepared using Ottawa sand and plain OPC paste matrix. Similarly, concentration for Al
also ranged between 0 – 1 mM for pore solutions from all six mortars at different stages
of hydration. The changes in the concentration of Si and Al are shown in Figure 4.5.
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a)

b)

Figure 4.2 Total alkali concentration of pore solution extracted from mortar samples a) up
to 12 hours of hydration and b) up to 168 hours of hydration
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a)

b)

Figure 4.3 Changes in the concentration of a) Ca and b) S in pore solution of mortars up
to 12 hours of hydration
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a)

b)

Figure 4.4 Changes in the concentration of a) Ca and b) S in the pore solution of mortars
up to 7 days hydration
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Figure 4.6 shows the changes in the concentration of hydroxide ions, which were back
calculated from the pH measurements, for all six mortars up to 7 days of hydration. The
overarching trend observed in the concentration of hydroxyl ions is that they increase
from approximately 90 to 170 mM to 316 to 490 mM after 15 minutes and 168 hours of
hydration respectively.
a)

b)

Figure 4.5 Changes in the concentration of a) Si and b) Al in the pore solution of all six
mortars up to 7 days of hydration

Figure 4.6 Changes in the concentration of OH- (as calculated using pH measurements) of
all six mortars up to 7 days of hydration
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The sulfur content of pore solutions obtained from mortars incorporating ACBFS
aggregates was slightly lower than the pore solutions obtained from respective mortars
prepared using Ottawa sand during the first 5 hours of hydration (as shown in Figure 4.3
b). This observation can be attributed to the slightly higher water content in mortars
prepared using ACBFS aggregate. The excess water was added to mortars incorporating
ACBFS aggregate to compensate for the 3.5% absorption of the aggregate. However, at
early ages this excess water is available for hydration and therefore results in the
observed lower concentrations of S. Similarly, slightly lower concentrations for K and Na
were also recorded for all mortars (as shown in Figure 4.7) prepared using crushed
ACBFS aggregate.
a)

b)

Figure 4.7 Changes in the concentration of a) potassium and b) sodium in the pore
solution of all six mortars for hydration up to 12 hours
Careful comparison of the concentration of S in the pore solutions of mortars prepared
using Ottawa sand with those prepared using ACBFS aggregate revealed that for mortars
hydrated more than 24 hours the S concentration remains more or less the same with
hydration time for the former whereas it increases with hydration time for the latter (as
shown in Figure 4.4 (b)). In particular, the S concentration for pore solution of OPC-S
mortar (i.e. mortar where OPC is the binder and ACBFS is the aggregate) becomes
greater than S concentration for pore solution of OPC-O (i.e. mortar where OPC is the
binder and Ottawa sand is the aggregate) mortar between 5 and 9 hours of hydration. A
similar switch in the S concentration of pore solutions extracted from mortars with binary
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paste matrices (i.e. OPC/FA and OPC/SC) was observed between 9 and 12 hours of
hydration (as shown in Figure 4.3 (b)). After about 12 hours of hydration, all mortars
containing ACBFS aggregate demonstrated higher S concentration than corresponding
mortars (i.e. mortar with the same binder system) prepared using Ottawa sand (see Figure
4.4 (b)). As already mentioned (in section 4.1), during early stages of hydration, the pore
solution is supersaturated with respect to S (Lothenbach & Winnefeld, 2006) and
therefore the S present in the ACBFS aggregate does not dissolve in the pore solutions.
However, as hydration progresses, the pore solution is less saturated with respect to S due
to precipitation of hydration products such as ettringite and monosulfate. This promotes
the dissolution of S from ACBFS aggregate and therefore the S concentration of pore
solutions which were extracted from mortars containing ACBFS aggregate after 9 hours
of hydration is higher than that for pore solution extracted from the corresponding
mortars prepared using Ottawa sand.

Figure 4.8: S concentration for all six mortars after 7 days of hydration
After 7 days of hydration, the S concentration of the pore solutions extracted from
mortars incorporating ACBFS aggregates is 3.4 – 5.6 times higher than that of pore
solutions extracted from corresponding mortars prepared using Ottawa sand. Amongst all
mortars incorporating Ottawa sand, the one prepared with OPC + FA as a binder system
had the lowest S content (see Figure 4.8). Similarly, amongst mortars incorporating
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ACBFS aggregates, the one prepared with OPC + FA as a binder system showed the
lowest S concentration after 7 days of hydration (see Figure 4.8). Low SO3 content of FA
(as shown in Table 3.1) and low activity of fly ash (up to 7 days hydrations) would
explain the low S concentration in binary mortars with FA.

This excess S in the pore solution of mortar systems incorporating ACBFS could
potentially result in the formation of sulfate bearing hydration products (such as ettringite
and monosulfate) in larger quantities for these mortars. X-ray diffraction (XRD) analysis
was conducted and the intensities for ettringite and monosulfate obtained during the
analysis of mortars prepared using ACBFS aggregate was compared to that for mortars
prepared using Ottawa sand.
4.5.2

XRD analysis of hydrated mortars with and without ACBFS aggregates

All mortars (as shown in Table 4.1) were analyzed for the presence of ettringite and
monosulfate using X-Ray diffraction technique after completing 1-day and 7-day
hydration in a sealed plastic container which was stored at 23°C. The measurements were
collected in the Bragg’s angle range of 0 - 60°. Figure 4.9 and Figure 4.10 show the XRD
patterns for 1 day hydrated mortars prepared using Ottawa sand and ACBFS aggregate,
respectively and three different paste matrices. The intensities of the ettringite peaks for
both, mortars prepared using Ottawa sand and corresponding mortars (i.e. mortars with
the same paste matrix) prepared using ACBFS aggregate, appear similar. However, the
intensity of monosulfate peaks is higher for mortars containing ACBFS aggregate
compared to corresponding mortars incorporating Ottawa sand (in fact the monosulfate
peak appears to be completely absent from patterns shown in Figure 4.9). Similar
observations were made for mortars which were hydrated for 7 days (as shown in Figure
A.3 and Figure A.4). However, since the peaks for different hydration products, such as
ettringite, monosulfate, portlandite, for mortars with ACBFS aggregate appear to have
same intensity values as corresponding peaks (i.e. peaks for a particular hydration
product) for mortars with Ottawa sand, a detailed analysis based on the difference in the
intensities of the peaks for Ottawa and corresponding ACBFS mortar is presented below.
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Figure 4.9 XRD patterns for 1-day hydrated mortars prepared using Ottawa sand.
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
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Figure 4.10 XRD patterns for 1-day hydrated mortars prepared using ACBFS aggregate.
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S); M: Monosulfate
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Figure 4.11 XRD patterns for a) OPC-O, b) OPC-S, and c) difference between OPC-O
and OPC-S after completing 1 day of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
In Figure 4.11 – Figure 4.16, the top and the middle plots represents XRD pattern for
mortars prepared using Ottawa sand and ACBFS aggregate respectively. The lower plot
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is obtained by subtracting the intensity of the Ottawa sand mortar specimen from the
intensity of ACBFS mortar specimen at all recorded Bragg angle (2θ) values. The
simultaneous positive and negative fluctuations observed close to large peaks (especially
Portlandite peaks) in the difference plot (i.e. the red plot) are caused by the minor shifts
that occur during the XRD analysis. Therefore, these fluctuations are ignored in the
analysis presented here.

Figure 4.12 XRD patterns for a) OPC-O, b) OPC-S, and c) difference between OPC-O
and OPC-S after completing 7 days of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
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The intensities of the ettringite peaks of plain mortar incorporating ACBFS aggregate
(i.e. OPC-S) are similar to that of plain mortar prepared using Ottawa sand (i.e. OPC-O)
for both 1-day and 7-day hydrated mortars. However, for both 1-day and 7-day hydrated
plain mortars, the intensity for the peak for monosulfate (2θ = 31.3) is significantly
higher for mortars incorporating ACBFS aggregate than those for mortars prepared using
Ottawa sand (where the peak is absent) (as shown in Figure 4.11 and Figure 4.12).

Figure 4.13 XRD patterns for a) OPC/SC-O, b) OPC/SC-S, and c) difference between
OPC/SC-O and OPC/SC-S after completing 1 day of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
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Figure 4.14 XRD patterns for a) OPC/SC-O, b) OPC/SC-S, and c) difference between
OPC/SC-O and OPC/SC-S after completing 1 day of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
Similar observations were made when the intensities of the peaks for ettringite and
monosulfate in mortars containing slag cement and ottawa sand (i.e. OPC/SC-O) were
compared with that of corresponding mortar prepared using ACBFS aggregate (i.e.
OPC/SC-S) (as shown in Figure 4.13 and Figure 4.14).
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Figure 4.15 and Figure 4.16 show the XRD patterns for mortar incorporating fly ash
prepared using both Ottawa sand (i.e. OPC/FA-O) as well as ACBFS aggregate (i.e.
OPC/FA-S) after completing 1-day and 7-day hydration respectively.

Figure 4.15 XRD patterns for a) OPC/FA-O, b) OPC/FA-S, and c) difference between
OPC/FA-O and OPC/FA-S after completing 1 day of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
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Figure 4.16 XRD patterns for a) OPC/FA-O, b) OPC/FA-S, and c) difference between
OPC/FA-O and OPC/FA-S after completing 7 day of hydration
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
Figure 4.17 shows the XRD patterns for 1-day hydrated mortars (one with plain paste
matrix and 2 with binary paste matrix) containing ACBFS aggregate. The intensity of the
monosulfate peak is the highest (only slightly) for binary mortars containing SC (i.e.
OPC/SC-S) whereas the ettringite content is highest for binary mortars containing fly ash
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(i.e. OPC/FA-S). The portlandite content is the highest for mortar with plain OPC paste
matrix (i.e. OPC-S) and more or less the same for both mortars with binary paste matrix.
The partial replacement of OPC with FA and SC result in lower portlandite in the 7-day
hydrated mortars.

Figure 4.17 XRD patterns for mortars containing ACBFS aggregate a) OPC-S, b)
OPC/SC-S, and c) OPC/FA-S after 1-day of hydrattion
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
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Figure 4.18 XRD patterns for mortars containing ACBFS aggregate a) OPC-S, b)
OPC/SC-S, and c) OPC/FA-S after 7-days of hydrattion
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S)
Similar observations regarding the trends of ettringite and monosulfate are made for 7day hydrated mortars which include ACBFS aggregate (as shown in Figure 4.18). The
ettringite trends do not change significantly between 1-day and 7-day hydrated mortars.
However, there is a big difference in the intensities of monosulfate for all mortars (i.e.
mortars with plain paste matrix and two mortars with binary paste matrices) between 1-
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day and 7-day hydrated specimens. The intensity of peak for monosulfate for OPC-S,
OPC/SC-S, and OPC/FA-S mortars increases from 174, 173, and 141 to 259, 511, and
323, respectively as the hydration age increases from 1 day to 7 days. Therefore, it would
imply that the excess sulfate contributed by the ACBFS is mostly being utilized to form
monosulfate as hydration progresses. Also, as expected, the difference in the intensity of
portlandite peaks detected in mortars with plain and binary paste matrices are more
pronounced after 7-day hydration as opposed to 1-day hydration. This is because
portlandite is produced at a faster rate in mortar with plain paste matrix as opposed to
mortars with binary paste matrix as hydration progresses.

However, since mortar samples were analyzed using XRD, it is likely that the peaks
observed in mortars containing ACBFS aggregate could be a remnant of the ACBFS
aggregate (despite the research team’s effort to minimize the aggregate content of the
powdered sample). Melilite and Akermanite (minerals known to be present in ACBFS
aggregate) also have their 100% intensity peaks located at Bragg angle (2θ) value of 31.3.
Therefore, it could be possible that the peak assumed to be of monosulfate could actually
be a remnant of ACBFS aggregate itself. Therefore, thermogravimetric analysis was
conducted to verify whether the presence of ACBFS aggregate resulted in an increase in
the monosulfate content of the mortar.
4.5.3

TGA analysis of mortars with and without ACBFS aggregate

The change in mass of approximately 25 mg sample obtained from all six mortars (as
shown in Table 4.1) was recorded during thermogravimetric analysis. Figure 4.19 and
Figure 4.20 show the weight loss curve and the derivative of the weight loss curve (with
respect to temperature) for 1 day hydrated mortars, respectively. The weight loss curves
are identical for mortars with and without ACBFS aggregate except for the mortar
including SC (as shown in Figure 4.19). This difference may be due to higher ettringite
content of the mortar prepared using ACBFS aggregate (which is demonstrated by the
difference in the derivative plot (see Figure 4.20) in the temperature range of 50 - 100°C).

Figure 4.19 Thermogravimetric mass loss curves for 1-day hydrated mortars
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Figure 4.20 Differential weight change curves for 1-day hydrated mortars
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Figure 4.21 Thermodynamic mass loss curves for 7-day hydrated mortars
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Figure 4.22 Differential weight change curves for 7-day hydrated mortars
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However, mortars prepared using ACBFS aggregate showed lower mass loss compared
to corresponding mortars prepared using Ottawa sand after completing 7-days of
hydration (as shown in Figure 4.21). Both, ettringite and monosulfate content, observed
by peaks located at approximately 75°C and 130°C, respectively, in Figure 4.22, are
lower in mortars prepared using ACBFS than with mortars prepared using Ottawa sand.
Also, the calcium hydroxide content of mortars prepared using ACBFS sand is lower than
corresponding mortar prepared using Ottawa sand (as shown in Figure 4.22 and Table
4.2). Both these observations could imply that the mortar containing ACBFS aggregate is
hydrating less compared to mortar prepared using Ottawa sand. This is in agreement with
previous work done by Nicoleau and his co-workers (Nicoleau et al., 2014) where they
have demonstrated that the presence of sulfates slows down the hydration of tri-calcium
silicate. Therefore, mortars incorporating ACBFS aggregates have lower calcium
hydroxide, ettringite, and monosulfate contents after 7 days of hydration.
Table 4.2 Calcium hydroxide content in 7-day hydrated mortars determined using
thermogravimetric analysis
Mortar Type
OPC-O
OPC-S
OPC/SC-O
OPC/SC-S
OPC/FA-O
OPC/FA-S

Calcium Hydroxide Content
(% by weight)
15.80
14.16
13.27
11.34
12.30
10.89

Summary
Pore solutions were obtained from fresh and hardened mortars, prepared using both, the
ACBFS aggregate or Ottawa sand and plain or binary paste matrices, and analyzed using
ICP-OES. In addition, these mortars were analyzed using XRD and TGA technique after
1-day and 7-days of hydration. The following observations resulted from the analysis of
the data obtained from ICP-OES, XRD, and TGA.


Chemical analysis of pore solutions revealed that irrespective for the type of
binder used the S concentration for mortars incorporating ACBFS aggregate
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was significantly higher (3.45 – 5.33 times) compared to corresponding mortars
(i.e. mortars with similar paste matrix) prepared using Ottawa sand after 7 days
of hydration.


After 7 days of hydration, binary mortar containing slag cement and ACBFS
aggregate (i.e. OPC/SC-S) showed the highest S concentration (53.51 mM)
whereas binary mortar containing FA and ACBFS aggregate (i.e. OPC/FA-S)
showed the lowest S concentration (32.30 mM) amongst all mortars containing
ACBFS aggregates. Similar trend (with respect to the type of binder used) was
observed for all mortars prepared using Ottawa sand. Mortar containing FA and
Ottawa sand (i.e. OPC/FA-O) had the lowest S concentration (5.74 mM)
whereas mortar containing SC and Ottawa sand (OPC/SC-O) had the highest S
concentration (12.71 mM) amongst all mortars prepared using Ottawa sand.



The S concentration of mortars prepared using Ottawa sand was slightly higher
than that of mortars prepared using ACBFS aggregate during the first 5 hours
of hydration because the excess water in ACBFS mixture (water added to
account for aggregate absorption) slightly dilutes the pore solution. However,
between 5 and 12 hours of hydration, the S concentration of pore solutions
extracted from mortars prepared using ACBFS becomes greater than that of
pore solutions extracted from corresponding mortars (i.e. mortar with the same
paste matrix) prepared using Ottawa sand. After 12 hours of hydration, the S
concentration of mortars incorporating ACBFS keeps on increasing whereas the
S concentration of mortars prepared using Ottawa sand remains constantly low.
After 7 days of hydration, the S concentration of pore solutions extracted from
mortars prepared using ACBFS aggregate is 3.4 – 5.6 time greater than that for
corresponding mortars prepared using Ottawa sand.



The intensity of the ettringite peaks (obtained using XRD) for 1 day and 7 day
hydrated mortars, which were prepared using ACBFS aggregate, is similar to
corresponding mortars which were prepared using Ottawa sand. However, the
intensity of peak at Bragg’s angle (2θ) of 31.3 for mortars prepared using
ACBFS is significantly higher than that for mortars prepared using Ottawa sand
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for, both, 1 day and 7 day hydrated specimens. This observation is likely
because of the presence of arkemanite or melilite minerals are present in
ACBFS aggregate.


The thermogravimetric analysis of 1-day and 7-day mortar samples confirmed
that mortars incorporating ACBFS aggregate showed lower calcium hydroxide,
monosulfate, and ettringite content compared to corresponding mortars
prepared using Ottawa sand after 7-days of hydration. This observation could
be a result of the lower degree of hydration occurring in mortars prepared using
ACBFS aggregate due to slower rate of dissolution of tricalcium silicate.

Binary mortars prepared using ACBFS aggregate and Class C FA showed the lowest S
concentration in the pore solution and lowest monosulfate content in 7 day hydrated
mortars. Mortars incorporating fly ash would therefore be the best with respect to
minimizing the potential for delayed ettringite formation in mortars and concrete
containing ACBFS aggregates.
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5. CHARACTERIZATION OF THE ITZ OF SILICEOUS SAND
AND CRUSHED ACBFS AGGREGATE

Background
Concrete is a heterogeneous material made up of aggregates and cement paste.
Traditionally, aggregates have been considered to be an inert filler material. However,
their various characteristics, such as absorption, gradation, shape, thermal expansion,
mineralogy, and chemical composition play a significant role in determining the fresh
and hardened properties of concrete incorporating them (Gonilho et al., 2009). The
interface between the aggregate and the cement paste, referred to as the interfacial
transition zone (ITZ), is one of the most controversial topic in concrete literature since it
was first observed in the 1960’s. As an example, Scrivener and his co-workers (Scrivener
et al., 1988) found a strong gradient in the porosity as the distance from the aggregate
surface varied, with the maximum value of 30% porosity reported in the innermost 5 µm
thick layer. However, image analysis investigation conducted by others(Diamond &
Huang, 2001) did not reveal the existence of such a strong gradient.

The thickness of the ITZ is defined as the region over which this gradient is apparent
(Elsharief et al., 2003). A wide spread acceptance exists in literature that the ITZ of
regular concrete has thickness values ranging from 30 – 40 µm. Since concrete consists
of approximately 70% (by volume) of aggregate, the ITZ could influence the material’s
properties significantly and therefore is a subject of investigation in this study.
Numerous researchers agree that the combined influence of ‘wall effect’ and
‘microbleeding’ during early stages of hydration results in the formation of the ITZ
(Diamond & Kjellsen, 2008; Leemann et al., 2006; Ollivier et al., 1995). The packing of
anhydrous cement grains is typically more loose around the aggregate surfaces compared
to their packing in the bulk paste region. This phenomenon is referred to as the ‘wall
effect’. In the fresh state, accumulation of water in thin films around the aggregate
surface, also referred to as microbleeding, results in a high local water/cement ratio in the
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region surrounding the aggregates (Diamond & Huang, 2001; Diamond & Kjellsen,
2008), which, in turn, results in the formation of a porous region surrounding the
aggregate surface after hydration has progressed significantly.
Combined influence of the ‘wall effect’ and microbleeding phenomenon results in a high
water/cement ratio in the region around the aggregate. As cement hydrates, both, the
concentration of the calcium ions and the pH of the pore solution increases. On reaching
saturation limits, Ca(OH)2 precipitates in the region occupied by water. Therefore, after
completion of hydration process, the ITZ shows higher porosity and larger Ca(OH)2
deposits (Diamond & Kjellsen, 2008; Scrivener et al., 2004). Several researchers (i.e.
(Hussin & Poole, 2011) and (Diamond & Huang, 2001)) observed crystalline Ca(OH)2,
unhydrated cement particles, and calcium silicate hydrate in the ITZ of the ordinary
concretes. Deposits of ettringite are also typically encountered in the ITZ (Guedes et al.,
2013).

The type of aggregate significantly effects the heterogeneity of the ITZ microstructure.
One of the studies (Hussin & Poole, 2011) reported that ITZ of regular concrete made
using granite aggregate appeared denser and narrower compared to the ITZ of limestone
aggregate concrete. The ACBFS aggregate is porous, and therefore has lower density
compared to naturally mined carbonate aggregates such as limestone and dolomite.
Examination of the ITZ of concrete containing lightweight aggregate with porous and
rough surfaces (Zhang & Gjørv, 1990) revealed that it was denser compared to the ITZ
for normal weight aggregates or light weight aggregate with low surface porosity. The
same research team also reported lower amounts of calcium hydroxide deposits in the
layers near the aggregate surface compared to normal weight aggregate concrete. These
observations were attributed to the penetration of the paste in general, and Ca and S in
particular, into the pores of the lightweight aggregate. Another research team (Ke et al.,
2010) observed that the ITZ of concrete with lightweight aggregate was thinner and had
higher mechanical properties compared to the ITZ of concrete with normal weight
aggregate concrete. It should be noted that the variation in the thickness and mechanical
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properties of the ITZ was found to depend on the type of light weight aggregate. The
previously mentioned research teams (i.e. Ke et al., 2010; Zhang & Gjørv, 1990) focused
on analysis of the ITZ of expanded clay and shale aggregates. Literature evaluating the
ITZ for concrete/mortar containing ACBFS aggregates is limited and therefore the ITZ of
ACBFS aggregates is evaluated in this study.

The influence of mixture design on the ITZ has been widely studied. Decreasing the
water-binder ratio reduces the porosity of the ITZ (Elsharief et al., 2003; Gao et al.,
2014). This is expected since (as mentioned earlier) the porosity of the ITZ is caused by
the bleeding of mix water near the aggregate surface and therefore a reduction in the
water-binder ratio will naturally result in a reduction in the porosity of the ITZ. Gao and
his co-workers (Gao et al., 2014) concluded that increasing the aggregate content in
mortar samples (while keeping the water-binder ratio constant) resulted in reduction in
the porosity of the ITZ due to reduced availability of water that can adsorb on the
aggregate surface. However, the effect of increased aggregate content on the thickness of
the ITZ was considered negligible. Another research team (Elsharief et al., 2003)
demonstrated that reducing the aggregate size reduced the porosity but increased the
unhydrated cement content of the ITZ. Inclusion of supplementary cementitious
materials, such as fly ash and slag cement, was reported to reduce the porosity of the ITZ
(Gao et al., 2005). This was primarily due to the pozzolanic reaction of these
supplementary materials with calcium hydroxide and/or filler effect. However, for
mixtures containing slag cement and silica fume, significant reduction in bleeding also
contributes to densification of the ITZ.

The remainder of this chapter is dedicated to studying of the ITZ of mortars with ACBFS
aggregate and comparing it with the ITZ of mortars with siliceous sand. The focus of this
investigation will be on the chemical makeup of the 40 µm thick layer surrounding the
aggregate (referred to as the ITZ). This particular thickness was chosen because, as
mentioned earlier in this section, numerous studies have reported that mortars with w/c
ratio close to 0.5 have ITZ thickness ranging from 30 – 40 µm. The ITZ will be
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quantified by performing image analysis of backscattered electron images acquired using
a scanning electron microscope.

Hypotheses
The literature review, which is summarized in section 5.1, reveals that the properties of
the ITZ depend on the mixture design proportions, aggregate properties, and chemical
makeup of the cementitious materials used. In particular, the ITZ of porous aggregate
was denser compared to ITZ of normal weight aggregate and the size and frequency of
calcium hydroxide deposits was lower in the ITZ of porous or lightweight aggregate
compared to that observed in the presence of the regular weight aggregate. Based on this
information, and the fact that ACBFS aggregate has a porous surface, the following
hypothesis are proposed for this investigation:


Mortars prepared using crushed ACBFS aggregates will develop a denser (i.e.
lower porosity) ITZ compared to mortar prepared using siliceous sand.



The Ca(OH)2 content in the ITZ of mortar incorporating ACBFS aggregates
will be lower than that observed in mortars prepared using siliceous sand.

Materials Used
The chemical composition of the cement and ACBFS aggregate used in this study is
shown in Table 5.1. The chemical composition of the cement was in accordance with
Type I OPC as defined in ASTM C 150 (ASTM International, 2017). The reference
mortar was prepared using #23 natural sand which satisfies the specifications for
pavement concrete set by the INDOT (INDOT Standards Specifications, 2010).

The gradation of siliceous sand falls within the limits specified by INDOT for use in
pavement concrete (as shown in Figure 5.1). On the other hand, crushed ACBFS is
coarser than the INDOT limits. Since aggregate size has an effect on the thickness and
the composition of the ITZ (Elsharief et al., 2003), only ITZ of aggregates with crosssection dimension in the size range of 0.3 – 0.7 mm will be included in the analysis. This
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particular size range is narrow enough to not influence the ITZ properties since (Elsharief
et al., 2003) reported a little or no difference in the ITZ size (determined based on
Table 5.1 Chemical composition of materials used in this study
Chemical Composition

Content (%)
Type 1 OPC ACBFS aggregate
18.94
37.83
5.65
10.55
3.29
0.39*
63.2
36.92
3.13
11.54
3.43
1.66
1.13
0
0.86
0.32

Silicon Dioxide, Si2O
Aluminum Oxide, Al2O3
Ferric Oxide, Fe2O3
Calcium Oxide, CaO
Magnesium Oxide, MgO
Sulfur Trioxide, SO3
Loss of Ignition
Total alkali as Sodium Oxide, Na2Oeq
All quantities are % by mass
* For ACBFS aggregates, the iron oxide content is presented in terms of FeO

Figure 5.1 Aggregate gradation curves
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porosity gradient) for 7 days hydrated specimen prepared using aggregates with one order
of magnitude difference in size (based on comparison of ITZ for aggregates with size in
the range 2.36 – 4.75 mm to that of aggregates with size ranging between 150 – 300 µm).

Research Approach
The 40 µm thick layer adjacent to the aggregate surface, referred to as the ITZ in rest of
the discussion presented in this chapter, of mortar prepared using crushed ACBFS
aggregate was compared and contrasted with that of mortar prepared using siliceous sand.
The porosity and chemical composition of ITZ was determined by performing image
analysis on backscattered electron pictures obtained using scanning electron microscope
(SEM).

Backscattered electron images, obtained using SEM equipped with energy-dispersive Xray (EDX) spectroscope, were edited to capture the 40 µm thick region adjacent to the
aggregate surface. The 40µm thick region was further segmented using a scheme, which
was developed based on preliminary analysis of the ITZ and involved separating different
features of the ITZ based on their gray intensity. Parameters such as porosity, unhydrated
cement content, calcium hydroxide content, and calcium silicate hydrate (CSH) content
of the ITZ were quantified by counting the number of pixels with gray intensities values
in a range which were defined in the segmentation scheme. The minimum number of
images required to perform a statistically valid measurement of a particular feature (such
as porosity, unhydrated cement, etc.) was determined by assuming that the data collected
was normally distributed and the population mean of the feature of interest would be
within 10% of the measured/calculated mean with a confidence level of 95%. The
statistical significance of the differences in the measurement of a particular feature of the
ITZ between ACBFS aggregate and siliceous aggregate was also established by
conducting independent t-tests.

82
Experimental Program
5.5.1

Mortar mixture design

Mortars were prepared following the procedure described in ASTM C 305 (ASTM
International, 2014). All samples were prepared with a water/cement ratio of 0.5. The
volumetric mixture proportions of mortars prepared for investigating the ITZ are
presented in Table 5.2. The aggregate volume was maintained at 50% of the total volume
for both mixtures. The specific gravity values for siliceous sand and ACBFS aggregate
were measured following the procedure described in ASTM C 128 (ASTM International,
2015) and found to be 2.56 and 2.43, respectively. These values were used to develop
volumetric mixture design for mortar samples. It was assumed that 1% air (by volume)
was entrapped in both mortars during mixing.
5.5.2

Sample conditioning and specimen preparation

Five cylindrical samples (2 in. diameter x 4 in. tall) were cast for each mixture.
Specimens were demoulded after 24 hours of casting and cured in a saturated lime water
solution, which was maintained at 35°C, for 28 days. This temperature was chosen to
maximize the degree of hydration attained in 28 days with little or no negative effects of
the high temperature on the microstructure of mortars. The SEM samples (approximately
1x1x1 in3) were extracted from the cured mortars using oil cooled saw. These specimens
were dried at 50°C for a maximum of one week to remove free water. Once the specimen
reached constant weight (it usually took 4 days of drying at 50°C), they were vacuum
saturated with epoxy overnight. Following epoxy impregnation, the specimen were
placed in an oven maintained at 70°C to cure the epoxy. Once the epoxy hardened, one of
the specimen’s surfaces was exposed using a precision diamond-blade saw which was
operated at a low speed. The exposed surface was lapped and polished to obtain smooth
surface. A thin palladium coating was applied to the polished surface of the specimen to
prepare it for observation under the SEM.
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Table 5.2 Mortar mixture design
Components
Type 1 OPC Cement
Quartz Sand
ACBFS Aggregate
Water/Cement

5.5.3

Amount (lbs/ft3)
Reference Mortar
ACBFS Mortar
37.40
37.40
83.93
0
0.00
75.82
0.50
0.5

SEM image acquisition

The palladium coated specimens were examined using a scanning electron microscope
(SEM) equipped with energy dispersive X-ray (EDX) in the backscatter mode. Analysis
of the ITZ was conducted around randomly selected aggregate particles which had crosssectional dimension ranging between 0.3 – 0.7 mm. Researchers have reported that, in
general, the ITZ thickness varies between 20 – 50 µm. In particular, (Elsharief et al.,
2003) reported that ITZ thickness increased from 10µm to 35µm when the water/cement
ratio was increased from 0.4 to 0.55. Since the water/cement ratio was maintained at 0.5
for this study, the images showing at least 40µm of region beginning from the aggregate
surface should capture the area that is required to conduct ITZ investigation. All images
were captured at a magnification of 500 x and resolution of 512 x 512 pixels. At 500 x
magnification, it typically took 6 - 10 images to capture the entire ITZ of the randomly
selected aggregate particle. The focus of the objective lens and condenser lens of the
SEM were maintained between 0.605 – 0.614 Å and 2.41 Å, respectively, while acquiring
images of the ITZ.

Assuming a normal distribution, the total number of images required to perform a
statistically significant quantification of the features of the ITZ was determined using
Equation 5.1, where n is the number of images, S is the sample standard deviation, Z is
the standard normal variable, µ0 is the true average, and X is the average obtained from
image analysis. Assuming a difference between the measured average and the true
average to be 10% and a 95% confidence interval, Equation 5.1 can be reorganized to
obtain Equation 5.2, which calculates the minimum number of images required to
perform statistically significant quantification of a feature.
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Equation 5.1

𝑍=
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Equation 5.2
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]
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5.5.4

Image Analysis

40 µm thick slices (as shown in Figure 5.2), beginning from the aggregate boundary,
were isolated from the image using the Adobe Photoshop™. The 40µm slices were then
segmented based on the gray intensity level of different features of interest such as
porosity, unhydrated cement, Ca(OH)2, and CSH. The scheme to segment ITZ images
using difference in the gray intensity levels of features of interest were arrived upon after
a preliminary investigation of several SEM images. The gray levels used to perform the
segmentations were as follows:


Pores: gray intensity levels ranging from 0 – 55



Outer CSH and other hydration products: gray intensity level ranging from 56
- 160



Ca(OH)2 and the inner CSH: gray intensity level ranging from 161 – 209



Unhydrated cement: gray intensity level ranging from 210 – 255

Figure 5.3 shows a histogram of a 40 µm thick ITZ around ACBFS aggregate particle. It
shows three distinct ‘valleys’ at gray intensity levels of 160 and 210. This informed the
decision to create boundaries at 160 and 210 to separate the different features present in
the ITZ. The boundary for pores wat set at 55 after careful analysis of preliminary images
obtained during this study.
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Figure 5.2 Microstructure of paste (a) near siliceous sand particle; (b) 40µm strip of the
ITZ near the aggregate particle
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Figure 5.3 Histogram of a selected image of ITZ around ACBFS aggregate particle
The gray intensity level used to identify calcium hydroxide was same as that used to
depict for ‘inner’ CSH (i.e. CSH which is typically formed within the boundary of the
original cement grain or has higher density compared to ‘outer’ CSH). Figure 5.4 shows
the ITZ around the grain of siliceous sand with calcium hydroxide and inner C-S-H
displaying similar gray intensity levels. Therefore, it was not possible to separate calcium
hydroxide from inner CSH in the analysis presented in this chapter.

The above described scheme was used to segment all ITZ images obtained from mortars
prepared using both siliceous sand and crushed ACBFS aggregate. Figure 5.5 and Figure
5.6 show, respectively, the ITZ around the grain of siliceous sand and around the particle
of crushed ACBFS aggregate, after they were segmented using the aforementioned
scheme. Close observation of Figure 5.5 show that a cluster of pores are located adjacent
to the siliceous sand aggregate surface. Therefore, in addition to the 40µm thick ITZ,
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porosity of the 10 µm thick layer around the siliceous aggregate was also quantified and
compared with that of ACBFS aggregate.

Figure 5.4 ITZ around the grain of siliceous sand with calcium hydroxide and inner CSH
showing similar gray intensity levels
The different features of the ITZ were quantified by counting the number of pixels in the
ITZ which have intensity values in the range as defined in the scheme above. For
example, all pixels with intensities ranging from 0 – 55 were counted as pores whereas
pixels with intensities ranging from 210 – 255 were counted as unhydrated cement
particles.
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Figure 5.5 Example of segmentation of ITZ in mortar prepared using siliceous sand
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Figure 5.6 Example of segmentation of ITZ in mortar prepared using ACBFS aggregate
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Results and Discussion
5.6.1

Analysis of ITZ (40 µm thick)

In total, 84 and 87 images were obtained from mortars prepared using siliceous sand and
crushed ACBFS aggregate, respectively, and analyzed following the procedure described
in Section 5.5.4. Each ITZ was segmented into four parts, namely, porosity, unhydrated
cement content, calcium hydroxide and inner CSH content, and other hydration products.
As evident by its name, porosity counted the number of pores in the ITZ, unhydrated
cement content quantified the number of pixels associated with unhydrated cement, and
calcium hydroxide and inner CSH quantified the number of pixels with intensities
corresponding to calcium hydroxide and inner CSH in the ITZ. The segment called “other
hydration products” included pixels with intensities which were not covered in the
previously mentioned three categories. This would include hydration products such as
outer CSH, monosulfate, and ettringite. Each feature of the ITZ was expressed in terms of
percentage of the total number of pixels in the ITZ. For example, porosity was calculated
by dividing the total number of pixels which had gray intensities ranging from 0 – 55 by
the total number of pixels in the ITZ multiplied by 100.

Table 5.3 shows the minimum number of images required to achieve statistically valid
characterization of the ITZ, which was calculated using Equation 5.1. To perform a
statistically significant quantification for each of the features of the ITZ, the algorithm
represented by Equation 5.1 ensured that the difference between the measured average
and true average of the feature approached a value of 10%. As calculated using Equation
5.1, the minimum number of images required to quantify porosity, calcium hydroxide and
inner CSH, and other hydration products was actually lower than the actual number of
images acquired during this study. However, for unhydrated cement, the minimum
number of images required was higher than the number of images acquired for this study.
However, if the difference between the measured average and the true average is
increased to 13% from the initially proposed value of 10%, the minimum number of
images required to quantify unhydrated cement content reduces to 84 and 71 for
reference mortar and ACBFS mortar, respectively. Therefore, for measurements
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pertaining to unhydrated cement in this study, we can say with 95% confidence that the
true average would be within 13% from the measured average.

As shown in Table 5.3, the average measured porosity of the ITZ of siliceous sand
(14.30%) was greater than that of the ITZ of ACBFS aggregate (12.08%). On the other
hand, the average measured calcium hydroxide content and the content of inner CSH
content was higher in the ITZ of ACBFS aggregate mortar (11.54%) than that in the
reference mortar (9.96%). Since these difference are small in magnitude, independent ttests were conducted to ascertain of these differences were statistically significant.
Table 5.3 Minimum number of images required to perform statistically significant
quantification of ITZ feature
ITZ Feature
Porosity
Unhydrated Cement
Ca(OH)2 and Inner CSH
Other hydration products

Type of
Mortar
Reference
ACBFS
Reference
ACBFS
Reference
ACBFS
Reference
ACBFS

Measured
Average, X
14.30
12.08
3.01
2.68
9.96
11.54
72.72
73.65

Standard
Deviation, S
3.91
3.22
1.86
1.38
3.20
3.07
4.55
4.18

Min. no. of
images, n
29
28
147
102
40
28
2
2

Table 5.4 Independent t-test with 95% confidence interval for the difference in the mean
values of different features of the ITZ

t-test for Equality of Means of different features of the ITZ
95% Confidence
Interval
Mean
Std. Error
t
4.063

df
169

1.302

152.93

.195

Ca(OH)2 and
Inner CSH

-3.299

169

Other hydration
products

-1.392

169

ITZ Feature
Porosity
Unhydrated
Cement Content

p value Difference
2.22252
.000

Difference
.54695

Lower
1.143

Upper
3.302

.32709

.25117

-0.169

0.823

.001

-1.58235

.47962

-2.529

-0.635

.166

-.92924

.66749

-2.247

0.388
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The independent t-test (α = 0.05) (results summarized in Table 5.4) revealed that the
porosity of the ITZ of reference mortar (14.30%) was significantly greater than that for
ACBFS mortar (12.08%) (t(169) = 4.063, p = 0.00007) with a difference of 2.22% (95%
confidence interval, 1.14% – 3.30%). However, the calcium hydroxide and inner CSH
content was significantly lower for reference mortars (9.96%) than that for ACBFS
mortar (11.54) (t(169) = -3.299, p = 0.001) with a difference of -1.58% (95% confidence
interval, -2.53% – -0.63%). On the other hand, there was no significant difference (as
demonstrated by the p value > 0.05 in Table 5.4) in the unhydrated cement content and
the “other hydration products” content in the ITZ of reference mortars and ACBFS
aggregate mortars.

As expected, the porosity of the ITZ of reference mortar was higher than that for mortar
prepared using ACBFS aggregate. Following the argument made by other researchers
(Zhang & Gjørv, 1990) regarding the quality of the ITZ in the vicinity of porous
aggregates, we can attribute this observation to the penetration of the paste into the rough
surface openings of the ACBFS aggregate (see Figure 5.7). This penetration creates a
denser microstructure around the aggregate surface. In addition, (Zhang & Gjørv, 1990)
also reported that the calcium hydroxide deposits were encountered less frequently on the
surface of porous aggregate than they were on the surface of regular aggregate particle.
Similarly, during this investigation, fewer instances of calcium hydroxide deposits were
observed on the ACBFS aggregate surfaces compared to the siliceous sand surfaces.
Results of the thermogravimetric analysis in section 4.5.3 also demonstrated lower
calcium hydroxide content in mortars prepared using ACBFS aggregate.

Figure 5.8 shows multiple calcium hydroxide deposits on siliceous aggregate surface.
Even though image analysis shows that the sum of calcium hydroxide and inner CSH
content is higher in the ITZ of mortars with ACBFS aggregate, failure to separate inner
CSH from calcium hydroxide prevents drawing conclusions about the quantities of
calcium hydroxide in the ITZ of siliceous sand and ACBFS aggregate. Further analysis
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using nano-indentation technique could provide a better estimate of the quantities of
calcium hydroxide in the ITZ of the two aggregates.

Figure 5.7 Paste filling the surface crevices in the ACBFS aggregate

Figure 5.8 Calcium hydroxide deposits on the siliceous aggregate surface
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Figure 5.9 ACBFS aggregate with Oldhamite deposits and empty pores which previously
might have been occupied by Oldhamite deposits
The independent t-tests conducted to compare means of a particular feature of the ITZ
(results of which are shown in Table 5.4) assumes that the measurements recorded for
each feature (i.e. porosity, unhydrated cement content, calcium hydroxide and inner CSH,
and other hydration product content) for both types of mortars are normally distributed.
Inspection of the Q-Q plots (which are shown in Figure 5.10 and Figure 5.11) and the
results of Shapiro-Wilk test for normality (as shown in Table 5.5) revealed that
measurement for porosity, calcium hydroxide and inner CSH, and other hydration
products present in the ITZ of reference mortar are normally distributed (i.e. p-value >
0.05) whereas measurements for unhydrated cement are not normally distributed (i.e. pvalue < 0.05). For the ITZ of mortars prepared using ACBFS aggregate, the
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measurements for porosity and other hydration products are normally distributed whereas
measurements of the unhydrated cement and calcium hydroxide and inner CSH content
are not normally distributed.

Figure 5.10 Q-Q plots for measurements of a) porosity, b) unhydrated cement content, c)
Ca(OH)2 and inner CSH, and d) other hydration products performed on the ITZ of
reference mortars
However, minor deviation from the assumption of normality has little influence on the
Type 1 error rate when the group size (i.e. the total number of images being used to
obtain the data for reference and ACBFS mortar) that are being compared are similar.
Therefore, we can assume that all measurements of the different features of the ITZ of
both, the reference and the ACBFS mortar, satisfy the normality requirements for the ttest.
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Figure 5.11 Q-Q plots for measurements of a) porosity, (b) unhydrated cement content, c)
Ca(OH)2 and inner CSH, and d) other hydration products performed on the ITZ of
ACBFS mortars
Table 5.5 Results for the Shapiro-Wilk test for normality of measurements of features of
ITZ obtained from reference and ACBFS mortars

Feature
Porosity
Unhydrated
Cement
Ca(OH)2 and
InnerCSH
Other
hydration
products

Reference Mortar
Statistic df p value
.973
84
.075
.910

84

.000

.977

84

.140

.980

84

.206

Feature
Porosity
Unhydrated
Cement
Ca(OH)2 and
InnerCSH
Other
hydration
products

ACBFS mortar
Statistic df
p value
.989
87
.684
.905

87

.000

.927

87

.000

.990

87

.771
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The independent t-test also assumes that the variances of the two groups that are being
compared are identical. This implies that a valid t-test would require the standard
deviation in the measurements of a particular feature of the ITZ of the reference mortar to
be statistically similar to the standard deviation in the measurements of that same feature
of the ITZ of ACBFS aggregate mortar. Table 5.6 shows the results of Levene’s test of
equality of variance of different features of ITZ. The variances in the measurements of
porosity, calcium hydroxide and inner CSH, and other hydration products of the ITZ of
reference mortar are similar to those for ITZ of ACBFS mortar as the p-value is greater
than 0.05 (as shown in Table 5.6). However, the variance in the measurement of
unhydrated cement content of the ITZ of reference mortar is different than that for the
ITZ of ACBFS mortars. Therefore, the t-test results for unhydrated cement content in
Table 5.4 has values which are obtained by adjusting the degree of freedom (df) using the
Welch-Satterthwaite method. Therefore the df value for unhydrated cement (in Table 5.4)
is lower than that for other features.
Table 5.6 Results for Levene’s test of equality of variance for different features of the
ITZ

Levene
Statistic
2.573

df1
1

df2
169

p value
.111

9.690

1

169

.002

Ca(OH)2 and
InnerCSH

.681

1

169

.410

Other hydration
products

.212

1

169

.646

Feature
Porosity
Unhydrated
Cement

5.6.2

Analysis of porosity in 10µm thick layer around the aggregate

The 10 µm thick region adjacent to the aggregate surface was cut and the porosity was
quantified by counting the number of pixels with grey level intensity between 0 -55.
Table x shows the minimum number of images required to achieve statistically valid
characterization of the ITZ, which was calculated using Equation 5.1. To perform a
statistically significant quantification for the porosity of the 10µm thick region adjacent
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to the aggregate surface, the algorithm represented by Equation 5.1 ensured that the
difference between the measured average and true average of the porosity approached a
value of 10%. As calculated using Equation 5.1, the minimum number of images required
to quantify porosity was lower than the actual number of images acquired during this
study.

As shown in Table 5.7, the average measured porosity of the 10 µm region adjacent to
the siliceous sand (22.11%) was greater than that of ACBFS aggregate (14.73%). The
independent t-test (α = 0.05) (results summarized in Table 5.8) revealed that the porosity
of the 10 µm thick region around the siliceous aggregate (22.11%) was significantly
greater than that for ACBFS mortar (14.73%) (t(156.47) = 8.219, p = 7.3 x 10-14) with a
difference of 7.37% (95% confidence interval, 5.60% – 9.15%).
Table 5.7 Minimum number of images required to perform statistically significant
quantification of the porosity of 10µm thick region adjacent to the aggregate
ITZ Feature
Porosity

Type of
Mortar
Reference
ACBFS

Measured
Average, X
22.11
14.73

Standard
Deviation, S
6.54
5.08

Min. no. of
images, n
34
45

Table 5.8 Independent t-test with 95% confidence interval for the difference in the mean
values of porosity of the 10 µm thick layer around the aggregate

t-test for Equality of Means of porosity of 10µm thick region around the
aggregate
95% Confidence
Interval
Mean
Std. Error
ITZ Feature
Porosity

t
8.219

df
156.47

p value Difference
7.37559
.000

Difference
0.89738

Lower
5.603

Upper
9.148

The Q-Q plots for the porosity of the 10 µm thick region around both siliceous and
ACBFS aggregate are shown in Figure 5.12. The porosity measurements for 10 µm thick
layer adjacent to siliceous sand is normally distributed (as shown in Figure 5.12).
However, for ACBFS aggregate, the porosity measurements are not normally distributed
but the deviation from normality is minor and therefore will not significantly alter the
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type 1 error. In addition, the variance in the measurement of the porosity in the 10 µm
thick region around the siliceous aggregate is not equal to the variance in the
measurements for ACBFS aggregate (since the p-value of the Levene’s test for equality
of variance is 0.013). Therefore, the t-test result, presented in Table 5.8, was obtained by
altering the degree of freedom (df) using the Welch-Satterthwaite method. This led to
reduction in the degree of freedom from 169 to 156.47.

Figure 5.12 Q-Q plots for measurements of porosity of 10 µm thick region adjacent to a)
silicious aggregate and b) ACBFS aggregate
Summary
Mortars prepared using siliceous sand and crushed ACBFS aggregate were cured in a
saturated lime solution maintained at 30°C for 28 days. The surface of the samples
extracted from the cured mortar was lapped and polished to prepare them for
investigation under a scanning electron microscope. Images of the region surrounding the
aggregate boundary were captured at 500 x magnification with a resolution of 512 x 512.
A 40 µm thick region adjacent to the aggregate surface was segmented based on the gray
intensity levels of different features of the ITZ. In addition, porosity of the 10 µm thick
region adjacent to the aggregate was also segmented. The number of pixels representing
different features of the ITZ were quantified and the statistical analysis of the
measurements revealed the following:
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The measured porosity of the ITZ of siliceous sand was 14.3% whereas that of
ACBFS aggregate was 12.08%. This difference was statistically significant
indicating that the ITZ around the ACBFS particle is less porous than the ITZ
around a particle of naturally mined siliceous sand. Analysis of a thin region
(10 µm) adjacent to the aggregate surface revealed that the porosity of
siliceous aggregate was 7.37% higher than that of ACBFS aggregate.



Image analysis of the ITZ revealed that the content of calcium hydroxide and
inner CSH were significantly greater for ITZ of mortars with ACBFS
aggregate compared to the ITZ of mortars with siliceous sand. However, since
both calcium hydroxide and the inner CSH have similar gray intensity levels,
no statistically valid evaluation of the significance of the differences in the
content of calcium hydroxide in the ITZ of siliceous sand and ACBFS
aggregate could be produced. Nevertheless, both, the size of calcium
hydroxide deposits and the frequency at which calcium hydroxide deposits
were encountered, was greater for ITZ of siliceous sand than for that of the
ACBFS aggregate. This observation was corroborated by the results of
thermogravimetric analysis in chapter 4.



There were no statistically significant differences in the quantities of
unhydrated cement and hydration products (other than calcium hydroxide and
inner CSH) in the ITZ of siliceous and ACBFS aggregate.
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6. SUMMARY AND CONCLUSIONS

Numerous researchers have reported higher degree of infilling of air voids with ettringite
in concrete incorporating ACBFS aggregates (Morian et al., 2012; Smith et al., 2012;
Verian et al., 2015). After analyzing leachates released when ACBFS aggregate was
submerged in deionized water Verian (Verian, 2015) reported that the sulfate
concentration of the leachate obtained from ACBFS aggregate was about nine times
higher than that observed in leachates obtained by soaking of naturally mined dolomite
aggregate. Continuing this line of research, artificial pore solutions (APSs), which
represent the pore solutions of plain (OPC), binary (OPC + FA and OPC +SC), and
ternary (OPC + FA + SC) paste systems hydrated for 3, 7, and 28 days, were placed in
contact with coarse and crushed ACBFS aggregates and their chemistry was periodically
monitored. After 28 days of contact with ACBFS aggregate, the increase in sulfate
concentration of APSs ranged from 4.85 – 12.23 mmol/L for coarse ACBFS aggregates
and 14.21 – 16.87 mmol/L for crushed ACBFS aggregate. The increase in sulfate
concentration of APSs in contact with both coarse and crushed ACBFS aggregates was
greatest during the first 3 days of contact. In addition, it was observed that the
composition of the APSs did not seem to influence the rate of release of sulfates from
ACBFS aggregate into the APSs except for the APSs representing the pore solution of
28-day hydrated paste systems.

Since ACBFS released more than 40% of the total (defined as released after 28 days
continuous contact with APSs) sulfate during the first 72 hours of exposure, the influence
of the presence of ACBFS aggregate on the pore solutions of mortars during this early
stages of hydration (i.e. the first 7 days) was also studied. The chemical analysis of 7-day
hydrated pore solutions revealed that the concentration of sulfur (S) in mortars prepared
using ACBFS aggregate was 3.4 – 5.6 times higher than that observed for corresponding
reference mortars (i.e. mortars with the same paste matrix but prepared using siliceous
sand (Ottawa sand)). During the first 9 hours of hydration, the sulfur concentration of
pore solutions obtained from mortars prepared using ACBFS aggregate was similar to

102
that for corresponding mortars incorporating Ottawa sand. This is because, at the early
stages of hydration, the pore solution is oversaturated with S and therefore ACBFS
aggregate does not contribute sulfur to the pore solution. However, the amount of sulfur
in the pore solution drastically decreased after 5 hours of hydration, which resulted in
ACBFS contributing sulfur to the pore solution. Therefore, as hydration progresses, pore
solutions extracted from mortars incorporating ACBFS aggregate show significantly
higher sulfur content when compared to pore solutions obtained from corresponding
mortars with siliceous aggregate. This high sulfur content of the pore solution of mortars
with ACBFS aggregate seemed to reduce its degree of hydration compared to that for
mortars with Ottawa sand. TGA analysis showed lower mass loss for 7-day hydrated
mortar samples prepared using ACBFS aggregate than that for mortars prepared using
Ottawa sand. The lower mass loss was a result of low ettringite, monosulfate, calcium
hydroxide content. This implies that this excess sulfates remain in the pore solution and is
available for the formation of sulfate based hydration products, such as ettringite or
thaumasite, when conditions are favorable for its formation. Binary mortars containing
fly ash showed the lowest sulfur (S) content in the pore solution. Therefore, based on the
results of this study, the binary mortar with fly ash would be the most effective paste
matrix to counter potential internal sulfate attack in mortars containing ACBFS
aggregate.

The ITZ of siliceous sand was compared to the ITZ of mortar with crushed ACBFS
aggregate using image analysis. Analysis of the 40µm thick layer adjacent to the
aggregate surface in the reference mortar revealed that its porosity was slightly (~2.2%)
higher than that of the ITZ of ACBFS aggregate. However, when a thin region (10 µm)
around the aggregate was segmented, statistical analysis revealed that the porosity around
the ACBFS aggregate is significantly lower (by 7.37 percentage points) than that around
siliceous sand. In addition, the amount of Ca(OH)2 and the inner CSH was greater in the
the ITZ of ACBFS aggregate when compared to the ITZ of siliceous sand. However,
similarities in the gray intensity levels of inner CSH and calcium hydroxide prevented
further segmentation attempt, which will help to quantify calcium hydroxide separately.
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However, during the ITZ investigation using the SEM, it was observed that calcium
hydroxide was encountered more frequently in the ITZ of the siliceous sand as opposed
to that of ACBFS aggregate. Techniques which can help to quantify the micromechanical
properties, such as nano-indentation, could be employed to obtain statistically significant
quantification and differences in the assessment of the content of calcium hydroxide in
the ITZ of mortars containing ACBFS aggregate and siliceous sand.

Inclusion of ACBFS as aggregate in mortars and concrete contributes sulfur to the pore
solution of the system. This excess internal sulfur can make the concrete more susceptible
to sulfate attack from the surrounding environment, and has the potential to compromise
the air void system (by forming secondary ettringite) and has been shown to reduce the
freeze-thaw durability of concrete (Verian et al., 2015). Replacing a portion of the cement
with supplementary cementitious material, specifically fly ash, can reduce the
concentration of sulfur in the pore solution and therefore delay the onset of sulfate attack
or damage due to compromised air void system when ACBFS aggregate is present in the
system. However, a denser interfacial transition zone (ITZ) of ACBFS aggregate has the
potential to improve the strength and increase the time required for transport of harmful
external chemicals into the concrete. This assertion was corroborated by Verian and coworkers (Verian et al., 2015) when they found that chloride penetration depths and
compressive strengths for concrete incorporating ACBFS aggregate was slightly lower
and slightly higher, respectively, than that for concrete prepared using naturally mined
dolomitic aggregate.
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APPENDIX

S1 and M1
S2 and M3
S3 and M3
S4 and M4

Plain paste matrix (OPC)
Binary paste matrix (OPC + FA)
Binary paste matrix (OPC + slag cement)
Ternary paste matrix (OPC + FA + slag cement

Figure A.1 Chemical composition of artificial pore solution vs. chemical composition of
real pore solution (extracted from paste samples after 3-day hydration)
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S1 and M1
S2 and M3
S3 and M3
S4 and M4

Plain paste matrix (OPC)
Binary paste matrix (OPC + FA)
Binary paste matrix (OPC + slag cement)
Ternary paste matrix (OPC + FA + slag cement

Figure A.2 Chemical composition of artificial pore solution vs. chemical composition of
real pore solution (extracted from paste samples after 7-day hydration)

112
Table A.1 Measured concentration of elements in the pore solutions obtained from
various types of mortars

System

OPC-O

OPC-S

OPC/SCO

OPC/SCS

Elements
K
Na
Ca
Si
Al
S
OHK
Na
Ca
Si
Al
S
OHK
Na
Ca
Si
Al
S
OHK
Na
Ca
Si
Al
S
OH-

0.25
296
153
18.3
0.17
0.02
163
151
276
150
17.6
0.24
<0.007
144
126
242
128
19.9
0.41
0.07
124
170
230
122
19.2
0.25
0.14
110
95

1
289
150
20.2
0.27
<0.007
149
170
272
147
18.2
0.21
0.05
132
195
244
128
21.2
0.32
0.03
114
123
219
116
17.4
0.44
0.19
92
174

3
298
158
16.4
0.27
0.04
142
195
283
156
21.0
0.22
0.01
126
214
249
134
21.8
0.24
0.03
111
155
221
120
17.0
0.17
0.07
87
115

5
303
166
15.0
0.30
0.05
149
141
293
166
19.0
0.21
0.05
138
219
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Time (hours)
9
12
281
311
165
174
6.9
3.9
0.27
0.71
<0.007 0.43
126
72
191
288
280
273
167
161
14.6
6.9
0.18
0.61
0.04
0.18
134
92
162
191
281
267
163
152
8.0
3.8
0.31
0.36
0.02
0.07
92
46
263
316
227
231
132
133
12.5
6.7
0.83
0.35
0.43
0.11
87
55
132
204

18
354
197
13.5
3.47
0.88
45
363
275
159
11.2
0.44
0.30
55
229
266
147
3.0
0.33
0.04
14
0
244
139
3.6
0.35
0.14
18
275

24
282
183
1.8
0.40
0.06
18
427
278
157
1.9
0.31
<0.007
25
269
263
143
2.0
0.33
0.00
7
407
257
147
2.6
0.29
0.13
13
372

48
353
186
1.7
0.64
0.94
9
617
278
154
1.8
0.88
0.48
16
316
266
146
1.8
0.41
0.09
5
457
273
159
2.0
0.80
0.61
20
437

72
345
183
1.5
0.61
0.70
9
380
325
179
1.4
1.09
0.79
32
372
303
169
1.7
0.40
0.14
5
468
293
172
2.6
0.58
0.31
25
380

168
380
199
3.9
0.87
0.42
11
447
340
188
2.0
0.43
0.17
38
490
354
195
1.6
0.68
0.25
13
490
361
208
1.2
1.16
0.67
53
316
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Table A.1 continued

K
287
283
279 296
287
292 316
320
348 380
Na
149
149
148 160
164
164 176
177
201 215
Ca
19.1
18.9
16.3 15.3
15.3
3.9 3.0
3.9
2.1 3.0
OPC/FASi
0.34
0.15
0.36 0.14
0.49
0.39 0.39
0.56
0.74 0.33
O
Al
0.09
0.05
0.23 0.06
0.20
0.12 0.12
0.30
0.31 0.24
S
143
129
117 121
125
38
7
7
4
5
OH
100
112
204 151
151
316 389
389
427 407
K
256
243
245 246
249
255 248
279
278 307
Na
140
135
137 138
142
152 146
166
167 181
Ca
18.6
17.7
18.0 14.6
13.5
5.1 3.3
3.0
3.7 2.8
OPC/FASi
0.44
0.27
0.22 0.35
0.27
0.25 1.08
0.45
0.84 0.36
S
Al
0.17
0.17
0.14 0.19
0.18
0.14 0.47
0.23
0.27 0.20
S
125
111
97
99
112
52
15
17
23
26
OH
89
155
126 155
0
331 490
479
347 363
All values are in mM
The OH- concentrations were back-calculated from the pH measurements obtained using an electrode
calibrated against standard solutions of known concentrations

402
245
2.1
0.68
0.38
6
437
339
216
1.3
0.67
0.34
32
339

114

Figure A.3 XRD patterns for 7-day hydrated mortars prepared using Ottawa sand
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S); M: Monosulfate
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Figure A.4 XRD patterns for 7 day hydrated mortars prepared using ACBFS aggregate
C: Calcite; P: Portlandite; E: Ettringite; H: C-S-H; L: Larnite (C2S); M: Monosulfate

